











EMPIRICAL MODELS FOR POST-FIRE HAZARD ASSESSMENTS: ANALYSIS OF 
TERRAIN, BURN SEVERITY, RAINFALL, AND SOIL INFLUENCES ON  














A dissertation submitted to the Faculty and the Board of Trustees of the Colorado School 































Dr. Paul M. Santi 
Professor and Department Head 






Post-fire debris flows pose severe hazards to communities in southern California and the 
western U.S.  Timely and accurate assessments of post-fire debris-flow hazards are needed to 
protect these communities against potentially devastating impacts.  Current post-fire hazard 
assessments provide discrete drainage-basin scale estimates for the probability and magnitude of 
debris flows within two years of a fire.  These assessments depend on manually defined locations 
of drainage-basin outlets and only provide predictions of debris-flow probability and magnitude 
for these locations.  In this study, newly acquired data for post-fire debris-flow volumes, mapped 
locations of erosion and deposition within drainage basins, and measurements of the magnitude 
of erosion within drainage basins are examined to develop more precise models for assessing 
post-fire debris-flow hazards throughout recently burned areas.  In the process of developing 
these models, the critical influences of terrain, burn severity, rainfall, and soil characteristics on 
post-fire erosion by debris flow were assessed.     
New empirical models for predicting volumes of post-fire debris-flow and sediment-
laden floods at various times since a fire were developed from expanded databases.  The models 
provide new tools for emergency assessments of post-fire debris-flows that are possible within 
two years of a fire and for ongoing assessments of smaller debris flows and sediment-laden 
floods that are possible after two years.  A new approach for implementing the models along 
drainage networks, rather than for individual drainage-basin outlets, was developed to enable 
continuous predictions along the drainage network.  In combination with a new model for 
identifying the portion of the drainage network dominated by erosion, continuous post-fire 





defined drainage-basin outlets.   Finer-scale measurements of post-fire volumes of material 
eroded per one-meter channel length (termed the “yield rate”) were measured to characterize the 
magnitude of erosion within burned drainage basins.  These data were analyzed for correlations 
with measures of terrain, burn severity, rainfall, and soil characteristics and to develop an 
empirical model for predicting yield rates normalized by the burned contributing area as a 
function of slope.   
The models and methods for implementation developed by this dissertation provide more 
precise, efficient, and consistent assessments for post-fire debris-flow magnitudes at drainage-
basin outlets and along drainage networks.  In addition, new information is provided throughout 
a recently burned area for the range of possible debris-flow volumes and the location and 
magnitude of debris-flow erosion within drainage basins.  The analyses of post-fire debris-flow 
volumes, yield rates and measures of terrain, burn severity, rainfall, and soil characteristics 
identify the influence of these characteristics on the initiation and magnitude of debris flows in 
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CHAPTER 1 INTRODUCTION 
Post-fire debris flows in southern California can destroy homes, block roads, damage 
infrastructure, and threaten the safety of residents within, and adjacent to burned areas.  Timely 
assessments of the potential runoff hazards following fire in steep, mountainous terrain are 
needed to identify locations potentially impacted by debris flows, guide runoff mitigation 
projects, and plan evacuation routes.  Debris-flow hazards at the drainage-basin scale can be 
quantified by the volume of material expected to be deposited at the drainage-basin outlet.  At a 
finer scale, debris-flow hazards can be quantified by the yield rate, which is a measure of the 
volume of material removed per one-meter length of channel.  This dissertation addresses three 
primary research goals: 1) to develop new models for predicting volumes of sediment deposited 
by post-fire debris flows and sediment-laden floods at various times since the most recent fire, 2) 
to improve the implementation of these models for hazard assessments, and 3) to examine the 
influence of terrain, burn severity, rainfall, and soil characteristics on the magnitude of erosion 
within a recently burned area.  These research goals are addressed by four separate papers that 
present models and methods for making more precise post-fire debris-flow hazard assessments 
for a range of scales, spanning from drainage-basin scale volumes of material deposited at 
drainage-basin outlets to finer-scale yield rates. 
The first paper in this dissertation presents two new empirical models for predicting 
drainage-basin scale volumes of sediment deposited by debris flows and floods at various times 
after a fire.  This paper has been accepted by the Journal of Engineering Geology.  The models 
presented improve upon previously developed models (e.g. Cannon et al., 2010; Gartner et al., 
2008; Gartner et al., 2009; Pak and Lee, 2008) by analyzing more extensive databases, and by 





includes newly defined variables for characterizing the drainage-basin morphology and burn 
severity and adds 59 new measurements of debris-flow volumes deposited in debris-retention 
basins.  Light Detection and Ranging (LiDAR) scans of debris-retention basins provided critical 
and accurate information for estimating volumes of recent deposits.  Records of the amount of 
material removed from the debris-retention basins by county maintenance crews also provided 
new measurements of debris-flow volumes.  The data were analyzed to develop two new models: 
the first model can be used to predict volumes of sediment deposited by either sediment-laden 
floods or debris flows at various time periods since the most recent fire, and the second model 
can be used to predict volumes of sediment deposited by debris flows within two years of a fire.  
In combination, the two models can be used to assess a broad range of short- and long-term post-
fire hazards posed by debris-flows and sediment-laden floods. 
The second paper presents a new approach for implementing empirical models to predict 
debris-flow probability and magnitude along drainage networks.  This paper has been published 
in the Proceedings of the 5
th
 International Conference on Debris-Flow Hazards: Mitigation, 
Mechanics, Prediction and Assessment (Gartner et al., 2011).  The approach typically used to 
implement post-fire hazard assessments has been to: 1) identify drainage-basin outlets to 
delineate drainage-basin boundaries, 2) calculate input parameters for the models based on 
drainage-basin characteristics, and 3) display the estimated probability and magnitudes as 
discrete classes.  While this approach has provided critical information for the hazards that exist 
immediately following a fire, manually defined drainage-basin outlets are used to characterize 
the hazards posed by an entire drainage basin and specific information is not provided for 
locations within the delineated drainage basins.  The new approach to implement the post-fire 





drainage network and uses these data to make spatially continuous estimates for debris-flow 
probability and magnitude.   
The third paper presents a logistic regression model for predicting the probability of 
erosion within a burned drainage basin.  This model is calibrated to identify the portion of the 
drainage network dominated by erosion.  The calibrated model provides a critical tool for 
consistently implementing models for predicting debris-flow probability and magnitude.  
Locations of debris-flow erosion, deposition, and the transitions between erosion and deposition 
were mapped for a debris-flow event that occurred following the 2003 Grand Prix and Old fire in 
southern California using 1:12,000 scale aerial photographs.  Measures of terrain, burn severity, 
rainfall, and soil characteristics were calculated for each mapped location using Geographic 
Information System (GIS) analyses of Digital Elevation Models (DEMs), and spatial data for 
burn severity, engineering soil characteristics, and rainfall.  Locations of debris-flow erosion 
were given a value of one and locations of debris-flow deposition were given values of zero, and 
these data were analyzed using logistic regression to develop a probability model for erosion.  
The model was calibrated to identify the portion of the drainage network dominated by erosion 
by calculating the percentage of the upstream drainage network classified as erosion for each 
mapped point representing the transition between debris-flow erosion and deposition.  The 
average percentage of the upstream drainage network classified as erosion for the mapped 
transition points was 95% and provides critical information for identifying the portion of the 
drainage network dominated by erosion.  The calibrated model identifies discrete channel 
segments for implementing post-fire debris-flow hazard assessment models for debris-flow 





identifying locations for the onset of debris-flow deposition which is a required input for existing 
models that predict debris-flow inundation.   
The last paper in this dissertation identifies correlations between measured debris-flow 
yield rates and characteristics describing terrain, burn severity, rainfall, and engineering soil 
properties and presents a predictive model for yield rates as a function of channel slope and 
burned contributing drainage basin area.  Yield rates were measured using surveys of channel 
cross sections before and after the passage of a debris flow, or just after a debris flow where 
evidence of the recent scour could be used to project un-eroded hillslopes into the eroded 
channel to estimate the pre-debris flow channel surface.  Correlation analyses and multiple linear 
regressions were used to identify variables that influence yield rates and to develop the predictive 
model.  The predictive model successfully predicted total volumes of debris-flow material 
eroded from drainage basins: 98% of the measured volumes of debris-flow material deposited in 
debris-retention basins were within the 95% prediction interval of the model.  This model 
provides a new tool for identifying source material for post-fire debris flows and for 
characterizing how debris-flow magnitudes evolve along the length of a channel. 
The combination of these models provides new capabilities for assessing hazards posed 
by post-fire debris flows.  Volumes of sediment can be predicted for a broader range of 
conditions ranging from debris flows within two years of a fire to sediment-laden floods and 
smaller debris flows that are possible many years following a fire.  New tools and methods for 
implementation are provided to continuously assess post-fire debris-flow probability and 
magnitude throughout a burned area and eliminate the necessity to manually define drainage-
basin outlets for implementing the models.  New information is provided for the magnitude of 





post-fire channel erosion by debris flow.  This research provides new capabilities to better assess 
post-fire debris-flow hazards and identifies specific measures of terrain, burn severity, rainfall, 





CHAPTER 2 EMPIRICAL MODELS FOR PREDICTING VOLUMES OF SEDIMENT 
DEPOSITED BY DEBRIS FLOWS AND SEDIMENT-LADEN FLOODS IN THE 
TRANSVERSE RANGES OF SOUTHERN CALIFORNIA 
2.1 Abstract  
Debris flows and sediment-laden floods in the Transverse Ranges of southern California 
pose severe hazards to nearby communities and infrastructure.  Frequent wildfires denude 
hillslopes and increase the likelihood of these hazardous events.  Debris-retention basins protect 
communities and infrastructure from the impacts of debris flows and sediment-laden floods and 
also provide critical data for volumes of sediment deposited at watershed outlets.  In this study, 
we supplement existing data for the volumes of sediment deposited at watershed outlets with 
newly acquired data to develop new empirical models for predicting volumes of sediment 
produced by watersheds located in the Transverse Ranges of southern California.  The sediment 
volume data represent a broad sample of conditions found in Ventura, Los Angeles and San 
Bernardino Counties, California.   
The measured volumes of sediment, watershed morphology, distributions of burn severity 
within each watershed, the time since the most recent fire, triggering storm rainfall conditions, 
and engineering soil properties were analyzed using multiple linear regressions to develop two 
models.  A “long-term model” for predicting volumes of sediment deposited by both post-fire 
debris-flows and floods at various times since the most recent fire was developed from a 
database of volumes of sediment deposited by a combination of debris flows and sediment-laden 
floods with no time limit since the most recent fire (n = 344).  A subset of this database was used 
to develop an “emergency assessment model” for predicting volumes of sediment deposited by 





sediment, and related parameters for watershed morphology, burn severity and rainfall 
conditions were retained to independently validate the long-term model.  Ten of these volumes 
of sediment were deposited by debris flows within two years of a fire and were used to validate 
the emergency assessment model.  The models were validated by comparing predicted and 
measured volumes of sediment.  These validations were also performed for previously developed 
models and demonstrate that the models developed here best predict volumes of sediment for 
burned watersheds in comparison to previously developed models.   
2.2 Introduction and Background 
Conditions in southern California typify both the wildland-urban interface (Radeloff et 
al., 2005) and the fire-flood sequence (Krammes and Rice, 1963).  Cities, communities, 
highways, and other infrastructure are within close proximity to the steep mountains of the 
Transverse Ranges.  These mountains are frequently burned by severe wildfires during the late 
summer and fall and doused by significant rainfall during the winter (Arkell and Richards, 1986).  
The combination of steep watersheds, heavy rainfall, and frequent wildfire combine to pose a 
continuous threat of sediment-laden floods and debris flows to communities throughout southern 
California (Scott and Williams, 1978).  Debris flows following a fire may be produced by a few 
select watersheds affecting discrete communities or by nearly every burned watershed causing a 
region-wide natural disaster.  This combination of conditions has also been observed throughout 
the intermountain western U.S. (Cannon et al., 2010), and worldwide (e.g., Nyman et al., 2011; 
Garcia-Ruiz et al., 2013).  In this study, we develop new empirical models for predicting post-
fire volumes of sediment deposited by debris flows and sediment-laden floods at the outlets of 
small watersheds (defined as being less than 30 km
2





models are developed from newly acquired and existing data for volumes of sediment, wildfires, 
watershed morphology, rainfall characteristics, and soil engineering properties.   
A number of research studies have examined how El Niño (e.g., Andrews et al., 2004; 
Gabet and Dunne, 2002; Pinter and Vestal, 2005), climate change (e.g., Inman and Jenkins, 
1999), wildfire (e.g., Cannon and Gartner, 2005; Florsheim et al., 1991; Keller et al., 1997), and 
the introduction of non-native plant species (e.g., Cole and Liu, 1994) have affected volumes of 
sediment eroded from watersheds located in southern California.  In the San Gabriel Mountains, 
long term denudation rates for landscapes have been estimated and compared to uplift rates to 
identify a macroscale steady state condition with episodic, fire induced pulses of sediment in the 
low order channels conveyed to the ocean by the larger fluvial network during major storms 
(Lave and Burbank, 2004).  Warrick and Mertes (2009) found the greatest volumes of sediment 
to be deposited in the western Transverse Ranges of California where bedrock has been 
weakened by high rates of tectonic uplift.  In-depth studies have developed methods for 
estimating volumes of sediment for a range of scales and processes that include debris flows 
from small watersheds up to about 30 km
2
 in area (e.g., Cannon et al., 2010; Gartner et al., 2008, 
2009; Gatwood et al., 2000; Pak and Lee, 2008; Scott and Williams, 1978) and suspended 
sediment and bedload transport by flooding in watersheds up to 4,500 km
2
 in area (Brownlie and 
Taylor, 1981; Rowe et al., 1949).     
Records of destructive sediment-laden floods and debris flows in southern California date 
to 1862 when floods affected nearly all of Orange County (National Weather Service, 2007).  
Debris flows following wildfire in southern California have been documented since the 1930s 
(Chawner, 1935; Eaton, 1935; Troxell and Peterson, 1937), and these hazards continue today.  





February of 1969, December of 2003, and January of 2005 caused widespread flooding and 
debris flows in southern California (National Weather Service, 2007).  Extraordinary debris 
flows have been initiated from burned areas by ordinary rainstorms with low recurrence intervals 
(Cannon et al., 2008) and pose hazards and risk to populations that build homes in steep, 
mountainous terrain (Santi et al., 2011).   
Wildfire facilitates erosion by generating of water repellent soils (DeBano, 1981; Doerr 
et al., 2000), exposing bare ground to rainfall impact through the removal of the canopy, litter, 
and duff (Cannon and Gartner, 2005; Meyer, 2002; Moody and Martin, 2001), and introducing 
ash into the soil which can seal pore spaces when wetted, leading to increased runoff (Balfour 
and Woods, 2007; Rompkins et al., 1990).  The presence of a thick ash layer on the soil surface 
can reduce infiltration of rainfall into the soil by providing an absorbent surface (e.g., Ebel et al., 
2012; Larsen et al., 2009).  Dry ravel following fire can load channels with unconsolidated 
sediment that is easily eroded by moderate-magnitude flows leading to large volumes of 
sediment deposited at watershed outlets (Florsheim et al., 1991; Lamb et al., 2011; Wells, 1987).  
The changes to a landscape caused by wildfire promote erosion and can lead to destructive debris 
flows and sediment-laden floods. 
Debris-retention basins and networks of engineered channels are often used in southern 
California to mitigate hazards from debris flows and sediment-laden floods (Scott and Williams, 
1978).  Debris-retention basins are designed to trap sediment and vegetative debris at watershed 
outlets.  Spillways and drains allow water to flow out of the basin and into a network of 
engineered channels that pass the floodwaters through populated and developed alluvial fans and 





Records of the volumes of sediment removed from debris-retention basins following 
rainfall have provided critical data for the development of empirical models that predict volumes 
of sediment deposited at watershed outlets.  Table 1.1 summarizes the variables used by existing 
models to predict volumes of sediment.  The acquisition of new data for volumes of sediment 
deposited by debris flows and sediment-laden floods and better characterization of independent 
variables in this study help to improve predictive models for volumes of sediment.  
















– model 1 
10 day antecedent 
rainfall × Peak 24 
hour rainfall 
Area of slope 
failures within the 
watershed 
Fire Factor – based on the 
percentage of the 
watershed area burned and 




area of slope 








Fire Factor – based on the 
percentage of the 
watershed area burned and 




area of slope 
failures within the 
watershed 
Gatwood et al. 
(2000) 
Peak 1 hour 
precipitation 
Peak Discharge 
Fire factor based on years 
since 100% wildfire 

















n/a Watershed area 
Pak and Lee, 
(2008) 
Peak 1-hour rainfall 







Fire factor based on 
percentage of watershed 
burned, number of years 





Gartner et al., 
(2008) – Western 
U.S. Model; 
Cannon et al., 
(2010) 
Total storm rainfall n/a 
Watershed area burned at 
moderate and high severity 
Watershed area 
with slopes greater 
than or equal to 
30% 
Gartner et al., 
2009 
Peak 1-hour rainfall 
intensity 
n/a 
Watershed area burned by 
most recent fire, time since 








Databases of precisely measured volumes of sediment deposited by individual storms and 
independent variables that physically influence debris flows and sediment-laden floods are both 
required to develop predictive models for volumes of sediment (Gartner et al., 2009).  Networks 
of tipping-bucket rain gages installed nearby watersheds that produce debris flows and sediment-
laden floods provide improved measurements for the amount and intensity of triggering rainfall.  
The influence of rainfall conditions on the volume of sediment deposited is best established from 
volume data that are known to have been deposited during a single storm (Gartner et al., 2009).  
Ten-meter resolution elevation data provide better measures for watershed morphology than 30-
meter data, and the quality of remotely sensed burn severity data provides better measures for the 
extent and severity of fire within watersheds than burn perimeter data.   
Recent research on post-fire erosion and physical processes of debris flows and sediment-
laden floods can provide guidelines for selecting the most relevant independent variables that 
influence the volumes of sediment deposited.  Field monitoring of debris flows in burned terrain 
and in alpine environments (where the lack of vegetation may simulate a burned area) have 
found debris flows to initiate due to surface runoff mobilizing channel bed material (Berti et al., 
1999; Cannon et al., 2003; Cannon and Gartner, 2005; Coe et al., 2007; Gregoretti and Dalla 
Fontana, 2008; McCoy et al., 2010).  Santi et al. (2008) showed that the main channels in a 
burned watershed provide the primary source for debris-flow material.  Variables that 
characterize channel length and morphology may influence volumes of sediment deposited by 
debris flow and sediment-laden floods by approximating the amount of material available for 
entrainment.   
Several studies highlight that erosion following fire is greatest for areas burned at high 





2012; Moody and Smith, 2005; Reneau et al., 2007; Rompkins et al., 1990; Rulli and Rosso, 
2005).  Moody and Smith (2005) found that the critical shear stress needed to erode cohesive 
soils was significantly less for soils that had been burned at temperatures greater than about 200° 
Celsius, indicating that the area of a watershed burned at moderate and high severity may 
approximate the amount of erodible soil in a watershed that may be mobilized into a debris flow.  
Rulli and Rosso (2005) modeled hydrologic and sediment fluxes in the San Gabriel Mountains of 
California and found sediment production from burned areas to be 7 to 35 times greater than for 
unburned areas.  The majority of erosion caused by wildfire occurs within the first few rainy 
seasons following the fire (Cannon and Gartner, 2005; Reneau et al., 2007).  The presence of ash 
in a soil may clog pores when wetted, reducing the infiltration capacity of the soil and promoting 
overland flow and runoff (Romkins et al., 1990).  Runoff is highly sensitive to the thickness and 
hydraulic properties of ash at the soil surface (Ebel et al., 2012).  A study in the area burned by 
the Cerro Grande Fire near Los Alamos, New Mexico, found over 90% of the ash in the burned 
area to be eroded within the first year following the fire and ash concentrations in suspended 
sediment to be negligible after two rainy seasons (Reneau et al., 2007).  Erosion due to surface 
sealing by ash is also likely to decrease within the same timeframe.  Based on the results of these 
studies, improved models for predicting volumes of sediment deposited by debris flows and 
sediment-laden floods should incorporate variables that describe the extent and severity of fire 
within a burned watershed along with the time since the fire. 
Debris flows have been initiated by threshold-exceeding, storm-rainfall intensities 
measured over short periods (Kean et al., 2011; Nyman et al., 2011), and total storm rainfall 
influences debris-flow volumes (Gartner et al., 2008).  Variables describing rainfall amounts and 





conditions for sediment-laden floods and debris flows.  Soil engineering properties of clay 
content and liquid limit have been shown to influence the probability of a post-fire debris flow 
(Cannon et al., 2010).  Variables that quantify the supply and properties of fine-grained soils may 
influence the magnitude of a debris flow.     
In this study, we develop new empirical models for predicting volumes of sediment 
deposited by post-fire debris flows and sediment-laden floods that are specific to burned 
watersheds located in the Transverse Ranges of southern California.  New measurements for 
volumes of sediment deposited by sediment-laden floods and debris flows and variables that 
describe watershed morphology, burn severity, rainfall conditions, and soil engineering 
properties supplement existing data and are analyzed using multiple linear regressions.  The 
models developed here are validated using an independent database of measured volumes of 
sediment deposited by post-fire debris flows and floods and associated watershed and rainfall 
parameters retained from the compiled data.   
2.3 Geological Setting 
The Transverse Ranges of southern California consist of a group of mountain ranges and 
valleys that trend east-west as opposed to the more typical northwest-southeast trend of the 
Sierra Nevada, Coast Ranges, and Peninsular Ranges. Watersheds examined in this study are 
located in the following discrete mountain ranges within the greater Transverse Ranges: Santa 
Ynez, Topatopa, Oak Ridge, Santa Susana, Santa Monica, San Gabriel, and the San Bernardino 
(Figure 2.1).  The geology of the Transverse Ranges consists of complicated assemblages of 
Paleozoic meta-sedimentary rocks, Mesozoic plutonic rocks, Cenozoic sedimentary rocks, and 






Figure 2.1. Map showing locations of measured volumes of sediment, rain gages, burned areas, 
and burn severity for fires after 1984 analysed by this study.   
The Transverse Ranges are influenced by a compression zone caused by a jog in the San 
Andreas Fault zone, and the region is dissected by normal, reverse, and right lateral strike-slip 
faults (Bortugno and Spittler, 1998; Yerkes et al., 2005).  The heavily faulted and folded geology 
of the Transverse Ranges leads to steep hillslopes and fractured rocks that frequently produce 
landslides, debris flows, and sediment-laden floods (Warrick and Mertes, 2009). 
2.4 Methods 
Variables describing volumes of sediment, watershed morphology, burn severity, rainfall 
conditions, and engineering soil properties were measured and analyzed using multiple linear 
regression to develop models for predicting volumes of sediment due to flooding and debris 
flow.  The independent variables measured and analyzed were chosen based on expected 
physical influences on post-fire debris-flows and sediment-laden floods.  The variables were 
measured in the field and using Geographical Information System (GIS) analyses of Digital 
Elevation Models (DEMs) and spatial information for burn severity, rainfall and engineering soil 





calculations are discussed in sections 2.4.1 through 2.4.5.  Section 2.4.6 presents the statistical 
methods for model development, and section 2.4.7 presents the methods for model validation. 
2.4.1 Volumes of Sediment   
Measurements of the volumes of sediment deposited by post-fire debris flows and 
sediment-laden floods were provided by the Ventura County Watershed Protection District 
(VCWPD), the Los Angeles County Department of Public Works (LACDPW), the San 
Bernardino Flood Control District (SBFCD), and Gartner et al. (2008, 2009).  Volumes of 
sediment reflect the volume of material deposited at a watershed outlet by a single storm and are 
based on measurements of volumes of material deposited in debris-retention basins or eroded 
from the main channels within a watershed.  Volumes of sediment removed from debris-
retention basins were determined by counting the number of trucks filled during the cleanout of a 
debris-retention basin or by comparing field or aerial photographic surveys of full and empty 
debris-retention basins.  Volumes of sediment eroded from the main channels of a watershed 
were estimated by measuring sequential channel cross sections and projecting un-eroded 
hillslopes into the scoured channels to quantify the volumes of sediment removed (Gartner et al., 
2008).  The locations of measured volumes of sediment are shown in Figure 2.1.    
The volume of sediment removed from a debris-retention basin may not include all of the 
fine-grained material eroded from a watershed.  Fine-grained, suspended sediment may settle out 
in debris-retention basins or it may pass through spillways and drains.  Most of the sediment 
eroded from the watershed is trapped by the debris-retention basin, including the coarse-grained 
material which may cause the greatest impacts.  The volumes of sediment removed from debris-
retention basins reflect the majority of material deposited at a watershed outlet due to sediment-





Possible sources of error for the measured volumes of sediment include loss of the fine-
grained fraction of sediment transported through the debris-retention basin, inaccurate tallies of 
the number of trucks needed to remove the sediment, variability in the amount of material loaded 
into each truck, and different techniques used by different agencies for measuring the volumes of 
sediment.  Furthermore, there may be differences in the densities of in-situ channel material, 
sediment deposited in debris-retention basins, and material loaded into trucks.  Volumes of 
sediment that reflect eroded channel material do not include eroded hillslope material and may 
be underestimated; however, material eroded from hillslopes has been found to be much less 
than material eroded from channels (Santi et al., 2008).  Measurements based on eroded 
channels, debris-retention basin capacity, and the number of trucks needed for the removal of 
deposited material may have considerable variability.  Cannon et al. (2010) used similarly 
measured volumes of sediment to develop an empirical post-fire debris-flow volume predictive 
model that had a 95-percent prediction interval of just less than an order of magnitude.  The 
relatively large span in the 95-percent prediction interval is due, in part, to error of the volume 
measurements.   
Eight debris-retention basins in San Bernardino County were empty prior to a large 
rainstorm that caused debris flows from watersheds burned by the Grand Prix and Old fires.  The 
volumes of sediment deposited in these debris-retention basins were recorded and known to have 
been deposited by debris flows triggered by the rainstorm on December 25, 2003 (U.S. Army 
Corps of Engineers, 2005).  Similarly, volumes of sediment deposited by debris flows in four 
Los Angeles County debris-retention basins were known to have been deposited by a storm in 
October of 2005 following the Harvard fire near Burbank, California.  For 176 volumes of 





published volumes of sediment for which stream discharge data were used to parse those 
volumes among storms known to have deposited significant volumes of sediment in debris-
retention basins (Gatwood et al., 2000).  Peak discharge data were not available for the 76 
volumes of sediment deposited in Ventura County watersheds examined in Gartner et al. (2009), 
and storms that might have deposited sediment in the Ventura County debris-retention basins 
were identified using records of formal Federal Emergency Management Agency (FEMA) 
disaster declarations.  If there was a single disaster declaration during the period between 
cleanouts of debris-retention basins, and if one storm during the month of the disaster declaration 
was significantly larger than any of the other storms, then that storm was considered to represent 
the rainfall conditions that resulted in the measured volume of sediment (Gartner et al., 2009).   
The main channels in 22 debris-flow producing watersheds were surveyed shortly after 
debris flows in the areas burned by the 2003 Grand Prix and Old fires, the 2004 Gaviota fire, and 
the 2003 Paradise and Cedar fires (Gartner et al., 2008; Santi et al., 2008).  The channel surveys 
were used to estimate the volume of material removed from the main channels within a debris-
flow producing watershed to provide an estimate for the volume of material deposited at the 
watershed outlet. 
The 2009 Station fire near La Crescenta, California, burned many watersheds with 
debris-retention basins located at the watershed outlet.  Some volumes of sediment were 
measured by recording the amount of material removed from the debris-retention basins and 
provided by the LACDPW.  Other measurements for volumes of sediment deposited by debris 
flows at the watershed outlets were based on observed debris levels in the debris-retention 
basins.  Light Detection and Ranging (LiDAR) surveys of the empty debris-retention basins were 





information for estimating the volumes of sediment deposited based on observed debris levels in 
the debris-retention basins.   
Four rainstorms following the 2009 Station fire produced debris flows.  Due to the spatial 
variability of the rainfall, debris flows were only triggered in select watersheds for each storm.  
Observations of the levels of sediment deposited by each of the four storms were made in 23 
debris-retention basins by the U.S. Geological Survey.  These observations, in conjunction with 
records of the amount of material removed supplied by the LACDPW, provided 46 new volumes 
of sediment deposited by post-fire debris flows.  Two rainstorms following the 2008 Sayre fire 
produced debris flows in seven different watersheds.  The LACDPW made 12 observations for 
the volumes of sediment deposited.  The volumes of sediment deposited by watersheds burned 
by the Station and Sayre fires provided 58 new measurements that have not been previously 
analyzed.  In total, 119 watersheds burned by 58 fires produced measurements of sediment 
volumes for 92 debris flows and 252 sediment-laden floods.   
2.4.2 Watershed Morphology 
Variables for watershed morphology were calculated by analyzing 10-m resolution 
DEMs using ArcGIS (ESRI, 2008) and RiverTools (Rivix LLC., 2001).  Previously analyzed 
variables include the watershed area, average watershed gradient, drainage density, bifurcation 
ratio, relief ratio, ruggedness, watershed area with slopes greater than or equal to 30%, and 
watershed area with slopes greater than or equal to 50%.  Newly assessed variables for watershed 
morphology include watershed relief, length of the longest channel, and total channel length.  
Drainage density (m
-1
) is calculated as the total length of streams in a basin divided by the basin 
area, and bifurcation ratio is the ratio of the number of streams of any order to the number of 





change in elevation between the basin mouth and the top of the longest channel extended to the 
drainage divide, by the length of that channel (Scott and Williams, 1978).  Ruggedness is the 
maximum change in elevation within the basin divided by the square root of the basin area 
(Melton, 1965).  Watershed relief represents the maximum change in elevation upstream of a 
watershed outlet and was calculated using RiverTools software (Rivix LLC., 2001).  The length 
of the longest channel represents the longest flow path upstream of a watershed outlet and was 
calculated using ArcGIS (ESRI, 2008).  Including these variables enabled individual analyses of 
the components used to calculate the relief ratio.  Total channel length represents the total length 
of channels within a watershed and was calculated using RiverTools software (Rivix LLC., 
2001). 
2.4.3 Burn Severity and Time Since Fire  
Burn severity data were provided by the U.S. Geological Survey Monitoring Trends in 
Burn Severity (MTBS) Project (U.S. Geological Survey, 2009) and are available for fires in 
southern California that burned between 1984 and the present.  Burn severity can be quantified 
using the differenced normalized burn ratio (dNBR), which is generated using satellite imagery 
taken before and immediately following a wildfire.  The dNBR compares pre- and post-burn 
imagery to estimate burn severity within fire perimeters at 30-m resolution (Key and Benson, 
2000).  The dNBR is reclassified into a burned area reflectance classification (BARC) which is 
further classified into values of low, moderate, and high severities based on pre-defined 
classifications.  The BARC transitions between low, moderate, and high severity are further 
calibrated to reflect field observations.  Burn perimeters represent the area of the fire burned at 





County from 1968 to present.  These burn perimeter data were provided by the VCWPD and the 
LACDPW and were used for fires where burn severity data are not available.   
We used the burn severity data available from the MTBS database to quantify the area of 
each watershed burned at each severity (low, moderate, and high) and at combinations of 
severities (e.g., watershed area burned at moderate and high severity, watershed area burned at 
all severities).  For areas where burn severity data are unavailable, the burn perimeter data were 
used to calculate the watershed area burned at a combination of all severities.  In addition to 
these variables, the watershed areas with slopes greater than 30% and 50% and burned at 
moderate and high severity were also calculated to represent the watershed area that is both steep 
and severely burned.  The burn severity and burn perimeter data used by this study are shown in 
Figure 2.1.   
To explore the potential effect of vegetation recovery after fire on volumes of sediment, 
we calculated an exponential decay function, termed the “lingering effect.”  A similarly derived 
variable was used by Gartner et al. (2009).  The lingering effect (LE) is a function of a decay 
constant (λ), and the number of years since the fire (t) and has the form: 
LE = e
(-λt)
      (2.1) 
For this study, we calculate lingering effect variables using larger decay constants (λ = 3, 
2, 1, 0.75, and 0.5) than those previously used (λ = 0.5, 0.2, 0.1, and 0.07) to better represent 
how volumes of sediment deposited within the first few years of a fire are much larger than those 
deposited many years following the fire (Gartner et al., 2009).  The lingering effect variables 
used by this study decrease to zero after two to five years following the fire as opposed to those 
used by Gartner et al. (2009) that decrease to zero after five to ten years.  In addition to the 





represent the decaying influence of a fire on volumes of sediment deposited by post-fire debris 
flows and sediment-laden floods.  
2.4.4 Rainfall Conditions 
Networks of tipping-bucket rain gages provided data for rainfall conditions in the 
watersheds above debris-retention basins.  The rain gage networks were installed and maintained 
by the VCWPD, the LACDPW, the SBFCD, county-maintained ALERT (Automated Local 
Evaluation in Real Time) systems, and the U.S. Geological Survey.  The locations of the rain 
gages used by this study are shown in Figure 2.1.  Rain gages were located at a maximum of two 
kilometers from the watersheds with volume measurements.  Rainfall was characterized by the 
total storm rainfall, storm duration, average storm intensity and peak intensities measured over 
10-, 15-, 30-, and 60-minute intervals.  The peak intensity is a measure of the total depth of rain 
(in mm) divided by the time (in hours) during which the measurement was collected.  For 
example, if 3 mm of rain were measured over a 10 minute period (0.17 hrs) then the peak 10-
minute intensity is 18 mm/hr.     
2.4.5 Soil Engineering Properties 
Spatially weighted averages of soil engineering properties were calculated for each 
watershed using the USSOILS database (Schwarz and Alexander, 1995).  Although the 
USSOILS database is a broad-scale (1-km resolution) characterization of soil properties, it 
provides a complete coverage of soil engineering properties for all of southern California.  The 
average values for available water content, percent clay, percent organic matter, permeability and 





2.4.6 Multiple linear regression Analyses 
We used multiple linear regression analyses to develop two models for predicting 
volumes of sediment deposited due to post-fire debris flow and sediment-laden flooding.  A 
long-term model was developed using the complete database of 344 volumes of sediment 
deposited by either debris flows or sediment-laden floods with no limit on the time since the 
most recent fire.  Thirty-two of these data were retained for model verification and not used to 
develop the model.  A subset of the complete database was analyzed to develop an emergency 
assessment model for predicting volumes of sediment deposited by debris flows within two years 
of a fire.  This subsidiary database consists of 92 volumes of sediment known to have been 
deposited by debris flows within two years of a fire.  Ten of the retained data for model 
verification fit the criteria of being volumes of sediment deposited by debris flows within two 
years of a fire and were used to verify this model and compare it to previously developed 
models.  These analyses provide a general model for predicting volumes of sediment deposited 
by both debris flows and sediment-laden floods at various times since a fire and a specific model 
for predicting volumes of sediment deposited by debris flows within two years of a fire. 
A requirement for multiple linear regression analysis is that the variables analyzed are 
normally distributed.  The Anderson-Darling test provides a statistic and p-value which can be 
used to identify if the data are normally distributed (D’Agnostino and Stephens, 1986).  A 
minimum p-value of 0.05 was desired; however, if this could not be achieved, then natural 
logarithmic and square root transformations were applied to the data and reexamined.  The 
transformation that provided the smallest Anderson-Darling statistic was used to provide the 
closest match to a normal distribution.  To identify linear correlations between volumes of 





coefficient (Helsel and Hirsch, 2002).  The correlation coefficient helps to identify which 
variable within each category (watershed morphology, burn severity, rainfall conditions, and soil 
engineering properties) is most correlated to volumes of sediment and may be best for 
developing multiple linear regression models.   
A method of building multiple linear regression models and evaluating them using a 
variety of tests recommended by Helsel and Hirsch (2002) identified the best model for the two 
databases.  A “best subsets regression” provided an initial set of models that could be quickly 
compared using adjusted R
2
 and Mallow’s Cp statistics (Helsel and Hirsch, 2002).  The models 
with the highest adjusted R
2
 and the lowest Mallow’s Cp statistics were further analyzed using 
residual plots, partial plots, variance inflation factors (VIFs), adjusted R
2
, the Predicted Residual 
Sum of Squares (PRESS), and the residual standard error (S).  A residual plot should lack any 
visual trend and have a normal distribution.  Partial plots should show linear trends between 
independent and dependent variables.  Multi-collinearity can be detected by VIFs greater than 
10.  The adjusted R
2
 indicates how well the dependent variable is explained by the independent 
variables and adjusts the degrees of freedom according to the number of independent variables 
used in the model.  The PRESS statistic evaluates the predictive ability of the model; lower 
PRESS statistics indicate better models (Helsel and Hirsch, 2002).  The residual standard error 
(S) should be as low as possible as it forms the basis for the prediction interval.  A 95-percent 
prediction interval is calculated by adding and subtracting two residual standard errors to and 
from the predicted value. 
In addition to meeting the statistical requirements for a multiple linear regression model, 
the variables included in the model were examined to ensure that the physical relationships 





characteristics, and soil engineering properties influence volumes of sediment deposited by post-
fire debris flows and sediment-laden floods.  The models were also evaluated based on their 
simplicity.  Models that included a single variable from each category of variables were favored 
over models with multiple variables describing similar characteristics. 
2.4.7 Model Validation 
A validation database consisting of 32 randomly selected volumes of sediment was 
retained from the complete database to validate the models developed here and to compare the 
ability of the new models to predict volumes of sediment against previously developed models 
(Cannon et al., 2010; Gartner et al., 2008, 2009; Gatwood et al., 2000; Pak and Lee, 2008).  
Variables from the validation databases were used as inputs for the models to predict volumes of 
sediment.  The models were validated and compared to previously developed models based on 
the percentages of volumes over- and under-predicted, percentage of volumes predicted to within 
one order of magnitude, the percentage of volumes predicted to within the 95% prediction 
interval, and the percentages of volumes of sediment predicted to within 1,000, 5,000, 10,000, 
50,000, 100,000 and 500,000 m
3
.     
We validated the long-term model and compared it to previously developed models 
(Gatwood et al., 2000; Pak and Lee, 2008; and Gartner et al., 2009) for its ability to predict 
volumes of sediment deposited by a combination of floods and debris flows at various time 
periods since a fire.  The Cannon et al. (2010) and Gartner et al. (2008) models were not 
included in this validation because these models are specific to volumes of sediment deposited 
by debris flows within two years of a fire.  We used 10 of the randomly selected data from the 
validation database that met the criteria of being deposited by debris flows within two years of a 





models (Cannon et al., 2010; Gartner et al, 2008, 2009; Pak and Lee, 2008; Gatwood et al., 2000) 
for its ability to predict volumes of sediment deposited by debris flows within two years of a fire.  
The Los Angeles County Department of Public Works (2006) model was not included in either 
comparison because this model is specific to storms with a 24-hour duration and 50-year 
recurrence interval, and the volumes of sediment in the validation database did not meet these 
criteria.  The Scott and Williams (1978) models were not included in either comparison due to 
unavailable data for area of slope failures and 10-day antecedent rainfall.  The Rowe et al. (1949) 
model was not included in either comparison due to unavailable data for peak discharge and 
vegetation index. 
2.5 Results  
General statistics were calculated for each of the variables and are presented in Table 2.2.  
Table 2.2 also presents the results of the Anderson-Darling test for normality and the type of 
transformation used for each variable.  The Pearson correlation coefficient identifies which 
variables within each independent variable category (watershed morphology, burn severity, 
rainfall characteristics, and soil engineering properties) were most correlated to debris-flow 
volume (Table 2.2).  For the database of volumes of sediment deposited by debris flows and 
floods with no time limit since the fire, the variables from each category most correlated to the 
volumes of sediment were the watershed area with slopes greater than or equal to 30%, the 
watershed area burned at all severities, the peak 60-minute rainfall intensity, and the percent 
organic matter (Table 2.2).  For the database of volumes of sediment deposited by debris flow 
within two years of a fire, the variables from each category most correlated to volume of 
sediment were the watershed relief, the watershed area burned at moderate and high severity, the 





Table 2.2.  Summary statistics and transformations of the data analyzed, and results for 
the Anderson-Darling test and correlation analysis.  The values are shown for the complete 
dataset used to develop the long-term model (top) and for the subsidiary database used to 
develop the emergency assessment model (bottom and in parentheses).    
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Many models were developed and analyzed during the multiple linear regression 
analyses.  Only the best models developed from each of the compiled databases are presented. 
The models presented have the highest adjusted R
2
, the lowest PRESS statistics, and the lowest 
residual standard error (S) of all the models developed from each database.  Confidence in each 
of the variables used in the model is at least 95 % and VIFs were sufficiently low.  The residuals 
for the model are normally distributed and have constant variance. Partial plots for each of the 
variables show linear trends between the independent and dependent variables.  The value for S 
reflects the combined sources of error in the measurement of the variables and the inherent 
variability of sediment transport.          
2.5.1 Long-term model  
The long-term model was developed from the complete database of 344 volumes of 
sediment deposited by debris flows and sediment-laden floods with no time limit since the most 
recent fire.   
The best model developed from the multiple linear regression analyses of this database 
predicts volumes of sediment based on the following equation: 
                                                     √ ,    (2.2) 
where V is the volume of sediment (m
3
), i60 is the peak 60-minute rainfall intensity (mm/hr), Bt 
is the total area of watershed burned by most recent fire (km
2
), T is the time since the most recent 
fire (years), A is the watershed area (km
2
), and R is the relief (m).  The model has an adjusted R
2
 
= 46.9 %, PRESS = 503.38, S = 1.25, and n = 312.  Thirty-two volumes of sediment were 
retained from the complete database for model validation.  Summary statistics for the variables 






Table 2.3.  Validation and comparison of the models developed by this study here to 
previously developed models for predicting volumes of sediment due to post-fire debris-flows and 
sediment-laden floods.  Measures include the percentages of volumes over- and under-predicted, 
percentages predicted to within one order of magnitude and the percentages of volumes of 
sediment predicted to within 1,000, 5,000, 10,000, 50,000, 100,000, and 500,000 m
3
.  The 
percentage of volumes of sediment predicted to within the 95% prediction interval is presented 
for models that provide information to calculate the 95% prediction intervals. Errors in the 























































































































































































































































































































































































The physical influence of each independent variable and volume of sediment are 
correctly portrayed by the model.  Higher values for rainfall intensity, watershed area burned, 
watershed area, and relief all increase volumes of sediment whereas higher values for the time 
since fire decrease volumes of sediment.  Individual correlations with volumes of sediment are 
high for each independent variable with the exception of the time since fire.  Although the 
lingering effect variables had better correlation to volume of sediment (Table 2.2), the data for 





the soil engineering properties was not included because high Anderson-Darling statistics 
suggest that the data are not normally distributed (Table 2.2). 
 
Figure 2.2.  Sediment yields predicted by the long-term model (Equation 2.2) are plotted against 
the measured volumes of sediment deposited by debris flows and floods deposited at various 
times since the most recent fire from the validation database.  Volumes of sediment predicted by 
the Gartner et al. (2009), Gatwood et al. (2000), and Pak and Lee (2008) models are also plotted 
against the measured volumes from the validation database.  Exact agreement of the predicted 
and measured volumes is shown by the thick solid 1:1 line.  The thin lines represent an order of 
magnitude envelope. 
The long-term model (Equation 2.2) best predicts volumes of sediment from the 
validation database in comparison to existing models for the Transverse Ranges (Table 2.3 and 
Figure 2.2).   This model predicts 91% of the measured volumes to within an order of magnitude 
(Table 2.3 and Figure 2.2), and 91% of the measured volumes from the validation database are 





previously developed models, this model predicts the most volumes to within 1,000, 5,000, and 
10,000 m
3
.  Thirty-eight percent of the volumes from the validation database are predicted to 
within 1,000 m
3
, 56 % are predicted to within 5,000 m
3
, 72 % are predicted to within 10,000 m
3
, 
and all of the volumes are predicted to within 50,000 m
3
 (Table 2.3).  The greatest discrepancies 
between measured and predicted volumes occurred with model predictions greater than 10,000 
m
3
 (Figure 2.2).  
2.5.2 Emergency assessment model  
The emergency assessment model was developed from a subset of the complete dataset 
consisting of 92 volumes of sediment deposited by debris flows within two years of a fire.  The 
best model developed from the multiple linear regression analyses predicts volumes of sediment 
due to debris flows within two years of a fire based on the following equation; 
  ( )            √                    √             (2.3) 
where V is the volume of sediment (m
3
), i15 is the peak rainfall intensity measured over a 15-
minute period (mm/hr), Bmh is the watershed area burned at moderate and high severity (km
2
), 
and R is the watershed relief (m).  The model has an adjusted R
2
 = 67.0 %, PRESS = 90.17, S = 
1.04, and n = 79.  Ten of the volumes from the subsidiary database were retained for model 
validation and 3 of the data contained missing values for i15 and could not be included in the 
development of the model.  Summary statistics for the variables used in the emergency 
assessment model (Equation 2.3) are presented in Table 2.2.   
The physical influence of each independent variable and volume of sediment are 
correctly portrayed by the model.  Higher values for watershed relief, watershed area burned at 
moderate and high severity and peak rainfall intensity increase volumes of sediment.  





within each category of variable.  A variable describing the soil engineering properties was not 
included because high Anderson-Darling statistics suggest that the data are not normally 
distributed (Table 2.2). 
 
Figure 2.3.  Volumes of sediment predicted by the emergency assessment model (Equation 2.3) 
are plotted against the measured volumes of sediment deposited by debris flows within two years 
of a fire from the validation database.  Volumes of sediment predicted by the Cannon et al. 
(2010), Gartner et al. (2008, 2009), Gatwood et al. (2000), and Pak and Lee (2008) models are 
also plotted against the measured volumes from the validation database.  Exact agreement of the 
predicted and measured volumes is shown by the thick 1:1 line.  The thin lines represent an 
order of magnitude envelope. 
Measured volumes of sediment from the validation database are plotted against predicted 
volumes of sediment in Figure 2.3 and are compared in Table 2.3.  The emergency assessment 
model (Equation 2.3) presented here predicts 100% of these volumes to within the 95% 
prediction interval of the model (Table 2.3).  In contrast, the Cannon et al. (2010) and Gartner et 





within the 95% prediction interval (Figure 2.3).  Pak and Lee (2008) and Gatwood et al. (2000) 
do not present a residual standard error for calculating a prediction interval and thus similar 
comparisons could not be made.     
Most of the volumes of sediment predicted by the emergency assessment model 
(Equation 2.3) plot along the 1:1 line and predicted volumes agree with measured volumes for a 
range of values between 100 m
3
 and 100,000 m
3
 (Figure 2.3).  The emergency assessment model 
(Equation 2.3) predicts volumes of sediment more closely than the Cannon et al. (2010), Gartner 
et al. (2008, 2009), Pak and Lee (2008), and Gatwood et al. (2000) models (Figure 2.3, Table 
2.3).  The percentages of volumes predicted to within 500, 1,000, and 5,000 were greatest for the 
emergency assessment model (Equation 2.3) and all of the volumes were predicted to within 
50,000 m
3
.   
2.6 Discussion  
The models presented here improve upon previous models because they were generated 
from a larger database of volumes of sediment deposited by individual storms, consist of readily 
defined variables that have a physical influence on post-fire debris flow and sediment-laden 
floods, satisfy statistical requirements, and best predict volumes of sediment from independent 
validation databases.  The models are easy to apply and only require a DEM of the area, burn 
severity data, fire date, and an estimate for potential rainfall conditions.  Predictions for volumes 
of sediment by the two models presented can represent a variety of conditions ranging from 
debris flows that immediately follow a fire to sediment-laden floods that persist for many years 
after a fire. 
The models presented here reflect a variety of conditions observed across a large portion 





volumes of sediment deposited by post-fire debris flow and sediment-laden floods supplement 
existing data and provide the most comprehensive database to date for the development of the 
new models.  The variables are precisely defined using the best DEM data available, remotely 
sensed burn severity data, and debris-flow and sediment-laden flood-triggering rainfall measured 
nearby the studied watersheds. 
Each variable used in the models has a physical influence on post-fire debris flows and 
sediment-laden flooding processes.  The rainfall variables of peak 15-, and 60-minute rainfall 
intensity describe how greater amounts of intense rainfall result in larger volumes of sediment.  
The variables describing area burned at moderate and high severity and total area burned account 
for the influence of fire on volumes of sediment deposited at watershed outlets.  The time since 
fire, combined with the watershed area burned by the most recent fire, characterizes how the 
history and extent of fire in a watershed affects the volume of sediment deposited at the 
watershed outlet.  Watershed area approximates the amount of material available for entrainment 
by debris flows or sediment-laden floods and the catchment area for rainfall.  The variable for 
watershed relief approximates the amount of energy for transporting material down slope.   
The variables selected for each model were chosen due to their ability to function with 
other variables to predict volumes of sediment and their individual correlation to volume of 
sediment.  Some variables were excluded due to data that were not normally distributed and 
could not be transformed to have a normal distribution.  For example, average watershed 
gradient, drainage density, ruggedness, lingering effect (λ = 0.5 - 3), available water content, 
percent clay, percent organic matter, permeability, and liquid limit all had high Anderson-
Darling statistics and low P-values which indicate that the data are not normally distributed.  





of the variables within the watershed morphology, burn severity, and rainfall categories had high 
correlations to volume of sediment (Table 2.2); however, including more than one of these 
variables from each category in a single model resulted in high variance inflation factors which 
indicate that multi-collinearity exists in the model.  Other variables were selected due to having a 
complete sample size.  For the long-term model (Equation 2.2), the peak 60-minute rainfall 
intensity and watershed area burned at all severities were selected because many data for peak 
rainfall intensities measured over periods shorter than 60 minutes or watershed area burned at 
moderate and high severity were unavailable.  By using the variables for peak 60-minute rainfall 
intensity and watershed area burned at all severities, the sample size for generating the database 
was nearly tripled.   
The models presented best predict volumes of sediment from an independent database in 
comparison to other models.  Although the comparisons are based on predictions to within an 
order of magnitude or a 95% prediction interval, many volumes of sediment from the validation 
database are predicted to within smaller margins of error.  Accurate predictions by the models 
developed here were made for volumes of sediment between 100 m
3
 and 100,000 m
3
.   
The models presented here are applicable to a variety of conditions.  The long-term 
model (Equation 2.2) predicts volumes of sediment from watersheds due to both debris flows 
and sediment-laden floods with no time limit since the most recent fire.  The emergency 
assessment model (Equation 2.3) predicts volumes of sediment deposited by post-fire debris flow 
and can be used to evaluate the increased debris-flow hazard that exists for the first two years 
following the fire.  If burn severity data are not available to apply the emergency assessment 
model (Equation 2.3), then either the total area burned may be used to approximate this variable, 





Predictions for the volumes of sediment that may be deposited at watershed outlets can be 
incorporated into the design of debris-retention basins, used to estimate volumes of sediment 
accumulated in debris-retention basins in response to a specific storm, and used to quantify 
debris-flow and flooding hazards following wildfire.   
The differences between the two models can be attributed to differences between the 
sediment transport characteristics of large debris flows immediately following a fire and smaller 
debris flows and floods that occur several years following a fire.  These characteristics are 
reflected in the variables used by each model.  Runoff in recently burned areas is much greater 
than in areas that have partially recovered through time (Rulli et al., 2005).  The peak 60-minute 
rainfall intensity variable used in the long-term model (Equation 2.2) reflects the longer time 
period of high intensity rainfall needed to generate runoff in partially recovered, burned 
watershed.  Peak rainfall intensities measured over short durations trigger debris flows (Cannon 
et al., 2008; Kean et al., 2011), and the variable for peak 15-minute rainfall intensity used by the 
emergency assessment model (Equation 2.3) reflects the importance of short-duration, high 
intensity rainfall for debris-flow initiation.  High burn severity has been linked to increased 
runoff from drainage basins (e.g. Cannon et al., 2010; Debano, 1981; Doerr et al., 2000; Moody 
and Martin, 2001; Moody and Smith, 2005).  The use of the variable describing drainage basin 
area burned at moderate and high severity by the emergency assessment model (Equation 2.3) 
reflects the necessity of high burn severity for the initiation of debris flows.  Watersheds burned 
at a combination of all severities are still susceptible to increased runoff and sediment production 
(e.g. Moody and Martin, 2001).  For this reason, the long-term model (Equation 2.2) includes the 
variable for total watershed area burned by the most recent fire.  The variable for time since the 





influence of fire on sediment yields with time.  This variable is not needed for the emergency 
assessment model (Equation 2.3), because time since fire does not significantly influence 
sediment yields within the two-year time period that this model is applicable.  Many years 
following a fire, both burned and unburned portions of the watershed influence the sediment 
yield; including the variable for watershed area enables the long-term model (Equation 2.2) to 
account for these influences on sediment yield.  The variable for relief in the emergency 
assessment model (Equation 2.3) characterizes the influence of steep mountainous terrain on the 
entrainment of material by debris-flow (Hungr et al., 2005).    
The differences between the two models can also be attributed to the different databases 
used to generate the two models lead to different model results (e.g., the difference in 
coefficients for drainage basin relief between the two models).  For the long-term model 
(Equation 2.2), many of the data were unavailable for peak intensities measured over durations 
less than 60 minutes and distributions of low, moderate and high burn severities.  As a result, the 
long-term model (Equation 2.2) contains variables for peak intensity measured over a 60-minute 
duration and total watershed area burned in contrast to the variables for peak 15-minute rainfall 
intensity and watershed area burned at moderate and high severity that are included in the 
emergency assessment model (Equation 2.3).   
The models presented here are empirical and therefore do not necessarily account for all 
of the factors that may influence volumes of sediment deposited at watershed outlets.  
Antecedent rainfall may affect the volume of sediment deposited in a debris-retention basin, and 
precipitation accumulations in the years following a fire may affect how quickly vegetation 
returns to the burned area and the influence of the fire on deposited volume of sediment.  For 





California, and again three years later.  The initial years following the fire were during record 
drought conditions which delayed the reestablishment of plant life on the hillslopes, leading to an 
extended period of elevated debris-flow hazards in the area.  Variables describing these rainfall 
conditions were unavailable for many watersheds analyzed and could not be included in the 
models.   
Future development of empirical models for predicting volumes of sediment may be 
improved by acquiring more storm-specific volumes of sediment deposited at watershed outlets.  
Debris-retention basins are often cleaned out after several storms have deposited sediment.  To 
use these data in a multiple linear regression model, the volume of sediment needs to be divided 
among each storm, which can introduce error to the measurements.  The acquisition of storm-
specific volumes of sediment will provide more accurate data for developing improved models.   
The models presented here are most applicable to the Transverse Ranges of southern 
California; however they can be applied in other areas where volumes of sediment are influenced 
by very steep topography, fractured rock, and frequent fire.  In a similar study, two models for 
predicting volumes of post-fire debris flows in southern California and throughout the 
Intermountain West consist of the same predictor variables with slightly different coefficients 
(Gartner et al., 2008) and demonstrate that models for predicting volumes of sediment deposited 
by debris flows may be applicable to different regions.  To accurately reflect conditions in 
watersheds used to develop the models, analyzed watersheds should be smaller than 30 km
2
, 
urban development should be minimal in the headlands of the watershed, and predicted volumes 
of sediment should be less than about 850,000 m
3
.  Table 2.2 includes the ranges of values for 
each of the variables in the models and can be used to determine if conditions are appropriate for 





volumes of sediment that a watershed can produce.  Predictions may not include the entire fine 
fraction but are intended to reflect the volume of sediment that may be deposited in a debris-
retention basin.  Site-specific investigation and knowledge of the history and magnitude of large 
sedimentation events will provide additional information on potential volumes of sediment.  In 
addition, other models that predict potential volumes of sediment (e.g., Cannon et al., 2010; 
Gartner et al., 2008, 2009; Pak and Lee, 2008) may be used for comparison.   
2.7 Summary and Conclusions 
New and existing measurements for volumes of sediment deposited by debris flows and 
floods at watershed outlets located in Ventura, Los Angeles, and San Bernardino Counties were 
used in combination with a set of variables describing the watershed characteristics, burn 
severity and history, rainfall characteristics, and soil engineering properties to develop new 
empirical models for predicting volumes of sediment deposited by post-fire debris flows and 
sediment-laden floods.  Two models were developed, a long-term model (Equation 2.2) for 
predicting volumes of sediment deposited by debris flows or floods with no time limit since the 
most recent fire and an emergency assessment model (Equation 2.3) for predicting volumes of 
sediment due to post-fire debris flows within two years of a fire.  The models satisfy statistical 
requirements and rely on independent variables that are easily obtained and physically influence 
the magnitude of debris-flow and sediment-laden flood deposits.  Independent databases validate 






CHAPTER 3 IMPLEMENTATION OF POST-FIRE DEBRIS-FLOW HAZARD 
ASSESSMENTS ALONG DRAINAGE NETWORKS, SOUTHERN CALIFORNIA, U.S.A. 
3.1 Abstract 
Burned watersheds in Southern California steeplands can be particularly susceptible to 
debris flow.  Rapid assessments of potential debris-flow hazards following a fire are necessary to 
provide timely information to the public, land managers, and emergency-response agencies about 
locations most prone to debris-flow impact.  Here we present a method to implement a set of 
existing debris-flow susceptibility models along a drainage network using input variables that are 
quantified for the contributing drainage basin areas to each grid cell along a drainage network.  
This method accounts for the spatially variable properties within contributing drainage basin 
areas as debris flows travel through the drainage network.  Applying the models along drainage 
networks, rather than to an entire drainage basin, provides hazard assessments that identify the 
potential impacts within the primary channels of a watershed, where destructive debris flows 
may both erode and deposit large volumes of material. 
3.2 Introduction 
Empirical models that provide estimates of the probability and magnitude of post-fire 
debris flows are currently used to assess hazards from recently burned drainage basins in 
southern California (e.g., Cannon et al., 2009; Cannon et al., 2010), and the intermountain 
western USA (Stevens et al., 2008; Cannon et al., 2010).  These multivariate models estimate 
probabilities and volumes of debris flows using combinations of predictive variables that 
describe the extent and severity of fire within a drainage basin, the drainage basin morphology 
and soil characteristics, and storm rainfall characteristics.  These models are specific to particular 





susceptibility within the first few years following a fire (e.g., Gartner et al., 2008; Cannon et al., 
2009; 2010), and some models define time-dependent factors to quantify the diminishing effect 
of fire on debris-flow susceptibility, allowing the model to be applied over a range of timescales 
following a fire (e.g., Gatwood et al., 2000; Gartner et al., 2009). 
The multivariate, debris-flow susceptibility models are presently implemented in a 
geographic information system (GIS) by identifying specific drainage-basin outlets, and then 
extracting the measures of the model input variables for the drainage basin areas upstream from 
the drainage-basin outlets.  These measures, along with specified design storm rainfall 
conditions, are then used to estimate the probability and volume of debris flow for each 
identified drainage-basin outlet (Figure 3.1).  Although this approach can be used to identify 
debris-flow susceptibility for specific locations, it provides only a single estimate for each 
drainage basin, and thus does not reflect the range of debris-flow hazards that may exist 
upstream of the drainage-basin outlet.  Debris-flow impacts within a drainage basin will be 
greatest in the channels through which a debris flow travels, eroding and depositing material, and 
on the fan below the drainage-basin outlet where material is deposited.  In addition, if 
assessments of debris-flow probability and volume are needed for multiple locations along a 
channel, then the process of identifying each drainage-basin outlet, delineating drainage basins, 
and obtaining measures for the input variables used in the models is labor intensive and time-
consuming.  Last, this approach identifies debris-flow hazards only in flow-accumulating terrain, 






Figure 3.1.  Map showing results from a drainage-basin wide approach for implementing a 
model for estimating post-fire debris-flow volumes.  This map shows estimated debris-flow 
volumes expected at drainage-basin outlets (open circles) as a function of model input variables 
obtained for each drainage basin.   Debris-flow volumes at additional locations (solid circles), 
for example, at road crossings within the drainage basin, are not identified.   The grey area 
represents the inter-basin area for which hazard information is also not obtained.   
3.2.0 Objectives and Approach 
We present a new method for implementing debris-flow susceptibility models that better 
characterizes potential hazards within recently burned areas than the present drainage-basin wide 
approach.  With this new method, termed the continuous variable method, we generate sets of 
continuous variable grids to implement the debris-flow susceptibility models along the drainage 
network.   The continuous variable grids provide measures of the model input variables for each 
grid cell along a drainage network based on the upstream conditions (Figure 3.2).   These 





of debris-flow probability and volume for each grid cell along the drainage network.  Ranked 
output from the debris-flow volume and probability models are added together to generate a 
combined relative debris-flow hazard ranking.   
 
Figure 3.2. Schematic illustration of the continuous variable method, where grids of continuous 
variables are defined for each contributing area to each grid cell along the drainage network.  
The size of each contributing area increases with distance downstream.  
The application of debris-flow susceptibility models along drainage networks allows for a 
spatially specific assessment of potential debris-flow susceptibilities within a burned area.  Maps 
that identify hazardous locations within the drainage network may be used to help guide post-fire 
debris flow mitigation plans and plan emergency evacuation routes.  Further, such an application 
provides a means to estimate how debris-flow volumes change as they travel down drainage 





In this paper, we describe the basis and form of existing debris-flow susceptibility 
models, followed by a discussion of the process used to generate the continuous variable grids 
used as data input to the models.  We then present results of an assessment for a hypothetical 
drainage basin.  Within this basin, we identify several locations within the drainage network 
where estimates of debris-flow probability, debris-flow volume, and combined relative debris-
flow hazard ranking could be beneficial.  This example demonstrates how the continuous 
variable approach for applying debris-flow susceptibility models provides spatially specific 
information on debris-flow susceptibilities within a burned drainage basin. 
As more data becomes available and the understanding of post-fire debris-flow processes 
increases, the empirical debris-flow susceptibility models are frequently updated.  As a result, the 
predictive variables in the models, and their coefficients, may change.  In this paper we provide a 
framework to implement a generic set of debris-flow susceptibility models along drainage 
networks using continuous variable grids so that the approach will be applicable to both existing 
and future models. 
3.3 Background 
Existing models for characterizing post-fire, debris-flow susceptibility have been 
generated from databases consisting of measures of debris-flow volumes and observations of 
debris-flow occurrence as the dependent variables, and independent variables that characterize 
drainage basin morphology, soil conditions, the extent and severity of the fire, and storm rainfall 
conditions (e.g., Gartner et al., 2008; Rupert et al., 2008; Gartner et al., 2009; Cannon et al., 
2010).  Each measure of debris-flow volume or observation of debris flow is associated with 
both a single drainage basin for which the independent variables are defined and a single storm 





The databases used to generate the debris-flow susceptibility models include information 
compiled from drainage basins with areas between 0.01 km
2
 to 30 km
2
 (Gartner et al., 2005; 
Gartner et al., 2008; Rupert et al., 2008; Gartner et al., 2009; Cannon et al., 2010).  
Measurements of debris-flow volume and observations of debris-flow occurrence were made 
along drainage networks at channel confluences or road crossings, at the mouth of the drainage 
basin, or at locations along first order channels where single debris-flow paths were identified 
(Gartner et al., 2008; Santi et al., 2008).  Because these measurements and observations were 
made at positions throughout drainage networks with drainage basin areas between 0.01 and 30 
km
2
, we consider the models to be applicable to any location along a drainage network within 
this range of basin areas.  Increased erosion due to wildfire is most pronounced within the first 
two to three years following a fire and so these models are temporally applicable to this time 
period (Cannon et al., 2010).   
3.3.1 Models for estimating debris-flow volumes 
Debris-flow volumes were measured either as the amount of material removed from the 
main channels within a drainage basin, or as the amount of material deposited in debris-retention 
basins, and range between about 300 and 850,000 m
3
 (Gartner et al., 2008; Cannon et al., 2010).  
Independent variables associated with each volume measurement include the drainage basin 
relief, the length of the longest flow path within the drainage basin, the drainage basin area with 
gradients greater than or equal to 30 percent, several measures of soil physical properties, the 
basin area burned at high, moderate, and low severity, total triggering storm rainfall, storm 
duration, and measures of peak rainfall intensity at different durations.  The data used to define 
the independent variables include 10-m resolution DEMs and burn severity grids, 1:250,000 





Multiple linear regression analyses of the databases were used to generate models that 
relate debris-flow volume to a set of predictor variables with the form; 
V = α0 + α1 x1 + α2 x2 + α3x3 + ……. αixi ,       (2.1) 
where α are coefficients and x are variables, and i is the number of variables used in the model 
(Helsel and Hirsch, 2002).  The variables selected in the analyses provide the best model for a 
given dataset based on multiple linear regression statistics (adjusted R
2
, residual standard error, 
etc.) and the ability to predict debris-flow volume from an independent test dataset (Gartner et 
al., 2008).  In general, each model includes at least one variable that characterizes the effects of 
drainage basin morphology, soil properties, burn severity, and storm rainfall on debris-flow 
volume.  The volume model presented in Cannon et al., (2010) has an R
2
 of 0.83 and a residual 
standard error of 0.90.  In addition, the model predicted 87 percent of debris flow volumes from 
a test dataset to within an order of magnitude. 
3.3.2 Models for estimating debris-flow probability  
Models that predict the spatial probability of debris-flow occurrence were developed 
using logistic multiple regression analyses of  databases that link observations of debris-flow 
presence or absence with independent variables similar to those described above (Rupert et al., 





),         (2.2) 
Where, 
x = β0 + β1 x1 + β2 x2 + β3x3 + ……. βixi,.       (2.3) 
In this case, β are logistic regression coefficients, x are values for the predictor variables, 
and i is the number of variables in the model (Hosmer and Lemenshow, 2000).   The variables 





statistics (Rupert et al., 2008; Cannon et al., 2010).  As above, each model includes at least one 
variable that characterizes the effects of drainage basin morphology, soil properties, burn 
severity, and storm rainfall conditions on the probability of debris-flow generation.   
The best probability model is identified using McFadden’s ρ
2
, which is a similar measure 
to R
2
 used in linear regression but with acceptable values ranging from 0.2 to 0.4.  Additionally, 
model sensitivity can be evaluated based on the percent of debris flow occurrences correctly 
identified with a probability greater than 50 percent.  The probability model developed by 
Cannon et al. (2010) has a McFadden’s ρ
2
 of 0.35 and a model sensitivity of 44 percent.   
3.3.3 Combined relative debris-flow hazard ranking 
Because of uncertainties associated with the debris-flow volume and probability 
estimates, Cannon et al. (2010) recommended that, rather than presenting estimates with several 
significant figures, each estimated debris-flow volume and probability be assigned to a class rank 
between 1 and 4.  Estimated debris-flow volumes less than 1000 m
3
 are assigned a class rank of 
1, volumes between 1001 and 10,000 m
3
 are assigned to class 2, volumes between 10,001 and 
100,000 m
3
 are assigned to class 3, and volumes greater than 100,000 m
3
 are assigned to class 4.  
Further, estimates of debris-flow probabilities less than 25 percent are assigned to class 1, 
probabilities between 26 and 50 percent are assigned to class 2, probabilities between 51 and 75 
percent are assigned to class three, and probabilities between 76 to 100 percent are assigned to 
class four.   
Debris-flow hazards from a given basin can be considered as the combination of both 
probability and volume, with the most hazardous basins being characterized by both a high 
probability of occurrence and a large estimated volume of material.  The least hazardous basins 





are basins that are characterized by a combination of either relatively low probabilities and larger 
volume estimates or high probabilities and smaller volume estimates.  Due to the different 
combinations of low to high debris-flow volumes and probabilities, Cannon et al. (2010) 
suggested that, for a given basin, the debris-flow volume and probability rankings be added 
together to generate a “combined relative debris flow hazard ranking”, with the lowest values 
representing the least hazardous basins, and the highest values representing the most hazardous 
basins.  These two suggestions are followed in this paper to provide a single hazard assessment 
in addition to the individual debris-flow volume and probability estimates. 
3.4 Methods 
To implement debris-flow susceptibility models along drainage networks, a set of 
continuous variable grids are generated that provide measures of each of the necessary 
independent variables for each grid cell in a DEM.  Independent variables used in the debris-flow 
susceptibility models can be divided into four categories: 1) measures of the drainage basin area 
that meet a particular criteria (e.g., drainage basin area with gradients greater than or equal to 30 
percent), 2) measures of the percentage of the drainage basin area that meet a particular criteria 
(e.g., the percentage of the drainage basin area burned at moderate and high severity), 3) 
measures of average values of the drainage basin area (e.g., average  gradient of the drainage 
basin area), and 4) measures of the drainage basin morphology (e.g., drainage basin relief, 
ruggedness, and length of the longest flow path within the drainage basin).  Each of these 
different types of variables can be determined for each grid cell located along the drainage 
network using DEMs, binary grids, integer grids (e.g., a gradient or burn severity grid) and 





A flow-direction grid is generated from a DEM using an eight direction flow model 
(Jenson and Dominique, 1988) wherein each cell is coded to indicate the direction water will 
travel from the cell based on the greatest elevation change between adjacent grid cells.  This grid 
is used to generate a flow-accumulation grid, which provides measures of the number of grid 
cells that flow into each grid cell.  The flow accumulation grid can be weighted with another grid 
to create a grid where the value of each grid cell equals the upstream sum of values from the 
weight grid. 
The flow-accumulation grid is multiplied by the grid cell area (e.g., 100 m
2
 for a 10-m 
DEM), to generate a drainage basin area grid where each grid cell contains a measure of the 
contributing drainage basin area.  The drainage network for a given area (Figure 3.2) is then 
defined by converting the drainage basin area grid to a binary grid; values of one are assigned to 
those grid cells with drainage basin areas between 0.01 km
2
 and 30 km
2
 and values of zero are 
assigned to grid cells with values outside of this range.  
In this paper we use ArcGIS  (ESRI, 2008) and Rivertools (Rivix LLC., 2001) software 
to implement the debris flow susceptibility models.  Other software and hydrology algorithms 
may be used to implement the susceptibility models, however, this may potentially introduce 
error into the results. 
3.4.1 Grids for measures of the drainage basin area that meet particular criteria 
To generate grids with measures of basin area that meet a particular criteria (e.g., 
drainage basin area with gradients greater than or equal to 30 percent), the flow-accumulation 
command is weighted with a binary grid with cell values equal to one for locations that meet the 





3.4.2 Grids for the percentage of the drainage basin area that meet particular criteria  
Grids with measures of the percentage of the drainage basin area that meet particular 
criteria are generated using a flow-accumulation command weighted with a binary grid that 
represents the unique criteria with values of one, dividing the output grid by a drainage basin 
area grid, and then multiplying this output grid by 100 to calculate a percentage value.   
3.4.3 Grids for measures of the average values of the drainage basin area 
A grid of average values for the drainage basin area (e.g., the average drainage basin 
gradient) is created by weighting a flow-accumulation command with an integer grid (e.g., a 
gradient grid) and then dividing the output by a drainage basin area grid.  This action divides the 
sum of the upstream values of the integer grid by the contributing drainage basin area.   
3.4.4 Grids with measures of the drainage basin morphology 
Generating continuous variable grids that characterize drainage basin morphology (e.g. 
drainage basin ruggedness, drainage basin relief, and the length of the longest flow path within a 
drainage basin) require specific hydrology algorithms.  The flow-length hydrology tool in the 
spatial analyst of ArcGIS (ESRI, 2008), with the upstream option, can be used to create a grid 
that represents the distance of the longest flow path within a drainage basin.  A grid that 
represents the upstream relief can be determined using the Rivertools program (Rivix LLC., 
2001).  The relief grid is used to calculate drainage basin ruggedness by dividing the relief grid 
by the square root of a drainage basin area grid (Melton, 1965).  Other software may be used to 
generate these continuous variable grids, however the outputs should mimic the grids generated 





3.4.5 Calculating debris-flow probabilities and volumes using map algebra 
Once the necessary continuous variable grids for the variables used in the debris-flow 
susceptibility models have been generated, map algebra (ESRI, 2008) is used to calculate debris-
flow volumes and probabilities along the drainage network.  Each continuous variable grid is 
used as the input variables in the map algebra expression, and the outputs are grids with cell 
values equal to the predicted debris-flow volume and probability, and combined relative debris-
flow hazard ranking.  These outputs are multiplied by a binary grid representing the applicable 
drainage network (between 0.01 and 30 km
2
) so that volume, probability, and combined relative 
hazard ranking are estimated only along the drainage network.       
3.5 Example of a continuous variable based hazard assessment 
Here we apply the debris-flow susceptibility models to a hypothetical watershed to 
illustrate their implementation in a continuous variable framework.  The watershed contains 
several locations where information on expected debris-flow hazards could be beneficial, 
including roads that cross the main channels.  Debris-flow probabilities, volumes, and combined 
relative debris-flow hazard rankings are calculated along the drainage network, including the 
locations where the roads intersect the drainages.  This example demonstrates how a land 
manager might use the debris-flow susceptibility models to identify locations where debris-flows 
impacts will be greatest.  This information could be used for many applications; to identify the 
type of equipment needed to remove the material, to size culverts and debris-retention structures, 
and to determine if portions of the road are safe for travel during evacuations.  
3.5.1 Debris-flow volume model 
For this example, we use a model for estimating the volume of debris-flow material 





severities, the length of the longest flow path within a drainage basin, the drainage basin relief, 
and the peak 60-minute storm rainfall intensity. 
 
Figure 3.3. Potential debris-flow volumes calculated along a hypothetical burned drainage 
network in response to a 10 mm of rain in 1 hour.  Debris-flow volumes increase with distance 
downstream and increasing drainage basin area.   
The drainage basin area burned at all severities is generated as described previously by 
weighting a flow-accumulation command with a grid that represents burned grid cells with 





) to determine the upstream area burned at all severities in square kilometers.  The length of 
the longest flow path within a drainage basin is determined using the flow-length command in 
ArcGIS spatial analysis, hydrology toolbox with the upstream option chosen (ESRI, 2008).  The 





units of kilometers.  The drainage basin relief is determined using the relief command in 
Rivertools (Rivix LLC., 2001).  
These grids are used as the inputs for the debris-flow volume model using single output 
map algebra.  A value of 10 mm/hr was chosen for a peak 60-minute rainfall intensity based on 
values used in a recent hazard assessment in southern California (Cannon et al., 2009).  The 
resulting grid from the map algebra represents the estimated debris-flow volume for each grid 
cell within the burned drainage network (Figure 3.3). 
3.5.2 Debris-flow probability model 
In this example, debris-flow probability is calculated as a function of the percentage of 
drainage basin area with gradients greater than or equal to 30 percent, drainage basin ruggedness, 
the percentage of drainage basin area burned at moderate and high severity, the average clay 
content and liquid limit of soils within the drainage basin, and average storm rainfall intensity.   
As described above, the continuous variable grid for the percentage of the drainage basin 
area with gradients greater than or equal to 30 percent is generated using the flow-accumulation 
command, weighted with a binary grid consisting of values of one for gradients greater than 30 
percent and values of zero for gradients less than 30 percent.  The output of this command is then 
divided by a non-weighted, flow-accumulation grid and multiplied by 100 to determine the 
percentage of the drainage basin area with gradients greater than or equal to 30 percent.  The grid 
with measures for drainage basin ruggedness is determined by dividing the relief grid, generated 
using Rivertools (Rivix LLC., 2001), by the square root of a drainage basin area grid.  The grids 
representing the average clay content and liquid limit of soils within the drainage basin are 
generated using flow-accumulation commands weighted with grids representing clay content and 





these operations are divided by a drainage basin area grid and multiplied by 100 to calculate 
percent values.  A value of 10 mm/hr is chosen for an average storm rainfall intensity based on a 
recent hazard assessment for southern California (Cannon et al., 2009).  These grids and average 
storm rainfall estimate are used as the inputs to the model which is processed using map algebra 
(ESRI, 2008).  The resulting grid from the map algebra represents the debris-flow probability at 
each grid cell along the burned drainage network (Figure 3.4).    
 
Figure 3.4. Debris-flow probabilities estimated along a burned drainage network in response to 
10 mm of rain in one hour.  Probabilities can both increase and decrease along the drainage 






Figure 3.5. Combined relative debris-flow hazard rankings calculated along a burned drainage 
basin network.  Rankings can both increase and decrease along a drainage network, reflecting 
changes in probability estimates associated with changing conditions within drainage basin 
areas. 
 
3.5.3 Combined relative debris-flow hazard ranking 
Combined relative debris-flow hazard rankings for the drainage network were calculated 
as the sum of ranked values of the estimated debris-flow volume and probability.  These values 
ranged between 2 and 5 (Table 3.1).  In addition, combined relative debris-flow hazard rankings 








Table 3.1. Debris-flow susceptibilities for locations of interest within a burned drainage 
basin.   
Site 1 2 3 4 5 6 7 
Volume (m
3
) 60215 33264 4188 9189 9431 10388 899 
Volume Rank 3 3 2 2 2 3 1 
Probability (%) 34 36 37 10 37 32 17 
Probability rank 2 2 2 1 2 2 1 
Combined rank 5 5 4 3 4 5 2 
 
3.6 Discussion and Conclusions 
Applying existing empirical debris-flow hazard assessment models along drainage 
networks provides additional information to basin-wide hazard assessments.  This new method 
estimates debris-flow volumes and probabilities at all locations along the drainage network, 
where debris-flow impacts are most likely to be most significant.  Implementation of this 
approach also eliminates the need to manually identify specific drainage-basin outlets of interest, 
thus decreasing the time needed to generate emergency post-fire debris-flow hazard assessments.  
In addition, the combined relative debris-flow hazard ranking identified along the drainage 
network provides a single map output that identifies the locations most susceptible to debris-flow 
impacts. 
The example application provided here demonstrates how debris-flow susceptibilities 
may vary at different locations along a drainage network in a burned area.  The application of an 
existing model for post-fire debris-flow volume indicates that volumes will generally increase 





larger drainage basin areas, and more importantly, longer channel lengths (Santi et al., 2008).  
This application characterizes the process whereby debris flows originating in lower-order 
portions of the drainage network will progressively increase in volume as they travel 
downstream.  The rate of volume increase is a function of basin morphology, the extent and 
severity of the burned area, soil physical properties, and storm rainfall.   
Estimates of the probability of post-fire debris flows indicate that debris-flow 
probabilities can both increase and decrease along the drainage network, reflecting changing 
conditions within drainage basin areas.  Specifically, an area that is unburned or burned at low 
severity between locations 4 and 7 on Figure 3.4 results in a channel reach where debris-flow 
probability estimates decrease with distance downstream.  The lower probability estimates result 
from the mitigating effects of unburned areas, and areas burned at low severity within the 
drainage basin.   Similarly, the channel above location 3 on Figure 3.4 shows probabilities that 
increase and then decrease with distance downstream due to the effects of the drainage network 
passing through an area of lower gradients.  These changes in debris-flow probabilities are also 
reflected in the map showing the combined relative debris-flow hazard ranking.   
Maps generated using this approach can be used to identify hazardous locations within 
the drainage network, guide post-fire debris-flow hazard mitigation plans, and plan emergency 
evacuation routes.   For example, these maps indicate that debris-flow impacts will be greatest at 
locations 1, 2, and 6, and the least at locations 7 and 4, thus providing information on where to 
focus post-fire channel erosion mitigation treatments.  In addition, the maps show that roads 
crossing the upper reaches of the drainage are more suitable for an evacuation route, as opposed 





The continuous variable approach presented here optimizes the predictive capability of 
debris-flow susceptibility models and provides more spatially specific information on potential 
debris-flow hazards following wildfire.  Future research on how topography affects debris-flow 
processes of channel incision, transport and deposition will better identify where debris-flow 
















CHAPTER 4 PREDICTING LOCATIONS OF POST-FIRE DEBRIS-FLOW EROSION IN 
THE SAN GABRIEL MOUNTAINS OF SOUTHERN CALIFORNIA 
4.1 Abstract 
Debris flows following wildfire pose severe hazards to communities located within and 
adjacent to the San Gabriel Mountains in southern California.  Following wildfire, timely hazard 
assessments are needed to identify the probability and magnitude of potential debris flows and to 
distinguish locations of debris-flow erosion of channel material and deposition of large volumes 
of mud, rock, and debris.  Predictive models for debris-flow probability and magnitude exist and 
are applicable to the portion of the drainage basin dominated by debris-flow erosion; however, 
these tools require manually defined locations for drainage-basin outlets.  In this study we 
develop a model for predicting locations of post-fire debris-flow erosion that is calibrated to 
identify the portion of the drainage network dominated by post-fire debris-flow erosion.  The 
model provides new information about where post-fire debris flow erosion is likely and enables 
consistent post-fire debris-flow hazard assessments. 
The model presented here was developed by analyzing a database of terrain 
characteristics for mapped locations of debris-flow erosion and deposition using logistic 
regression.  Aerial photos document numerous debris flows that occurred in the San Gabriel 
Mountains following the 2003 Grand Prix fire and were used to map locations of debris-flow 
channel erosion and deposition.  A variety of terrain, burn severity and soil characteristics 
expected to influence debris-flow processes were calculated for each mapped location using 10-
m resolution DEMs, GIS data for burn severity, and soil surveys.  Multiple logistic regression 
was used to develop a model that predicts the probability of erosion as a function of channel 





validated using an independent database of mapped debris flow processes and found to 
adequately predict locations of debris-flow erosion.   
The model was calibrated so that it can be used to identify the portion of the drainage 
network dominated by debris-flow erosion.  First, the probability model was used to classify 
each location along the drainage network as either “erosion” (probability ≥ 0.5) or “deposition” 
(probability < 0.5).  Second, the percentage of the upstream drainage network classified as 
erosion was calculated for each location along the drainage network.  Third, mapped locations 
for the transition between debris-flow erosion and deposition were used to identify the average 
percentage of the drainage network classified as erosion that corresponds to the locations where 
debris flows transition from eroding to depositing material.  This value identifies where the 
drainage network transitions from being dominated by erosion to being dominated by deposition 
and was found to be 95%.  This finding provides critical information for consistent and timely 
applications post-fire debris-flow hazard assessment models. The model presented here provides 
new capabilities to identify locations of debris-flow erosion, deposition and the transition 
between debris-flow erosion and deposition.   
4.2 Introduction  
Post-fire debris flows are one of the most severe consequences following a fire.  Shortly 
following the 2003 Grand Prix fire near San Bernardino, California, a large winter rainstorm on 
December, 24-25, 2003 produced numerous debris flows in many of the burned drainage basins 
that caused 16 fatalities and millions of dollars in damage (U.S. Army Corps of Engineers, 
2005).  Similar impacts from debris flows have been documented since the early 1900s (e.g. 
Chawner et al., 1935; Eaton et al., 1935) and continue today.  Following the 2009 Station Fire 





retention basins to capacity and overflowed others causing significant damages to the 
downstream neighborhoods.  Tools that identify and evaluate post-fire debris-flow hazards are 
continuously in demand and ongoing development is important as new data becomes available    
Existing tools for assessing post-fire debris-flow hazards consist of empirical models that 
predict the probability, magnitude, and inundation area of debris flow (Cannon et al., 2010; 
Gartner et al., 2008, 2009; Iverson et al., 1998; Pak and Lee, 2008; Schilling et al., 1998).  These 
models are most applicable to the portion of the drainage network that is dominated by post-fire 
erosion.  Two approaches can be used to apply the probability and volume models and both 
require manual inputs that are time consuming and potentially inconsistent.  The first approach 
requires manually defined drainage-basin outlets to calculate volumes and probabilities that are 
representative of the debris-flow hazards posed by the conditions in the upstream drainage basin.  
The drainage-basin outlets that are selected should be representative of locations where debris 
flows transition from eroding to depositing material.  The second approach continuously 
calculates probabilities and volumes of debris flows along the drainage network and requires 
manual identification of the downstream extent that is appropriate for applying the models 
(Gartner et al., 2011).   
Post-fire debris-flow volumes calculated for the drainage-basin outlets or the downstream 
extents of the assessed drainage networks are used as inputs for the LAHARZ model for debris-
flow inundation (Iverson et al., 1998; Schilling et al., 1998) to predict the inundation area of 
post-fire debris flows (e.g. Cannon et al., 2009).  Both parameters represent locations where 
debris flows transition from eroding to depositing material (Cannon et al., 2009).  From these 
locations, the LAHARZ model routs the volume of debris-flow material downstream along the 





cross-sectional and planimetric areas of the deposited material (Iverson et al., 1998; Griswold 
and Iverson, 2008).     
The drainage-basin outlets or downstream extents of the assessed drainage networks 
influence the calculated debris-flow volumes and locations for the onset of debris-flow 
deposition which are the inputs for inundation modeling.  The purpose of this study is to: 1) 
develop a logistic regression model to predict the probability of post-fire debris-flow erosion, 
and 2) calibrate the probability model to identify the portion of the drainage network that is 
dominated by post-fire erosion.  This research provides new information for identifying locations 
of source material for debris flows and enables consistent applications of models that quantify 
the probability, magnitude and inundation area of post-fire debris flows. 
Terrain characteristics that potentially influence debris-flow channel erosion and 
deposition were measured at locations where debris-flow erosion and deposition could be 
mapped from 1:12,000 scale stereoscopic air photos and field site visits.  Multiple logistic 
regression was used to generate a model for predicting the probability of erosion based on a set 
of terrain characteristics.  The model was further calibrated to identify the portion of the drainage 
network that is dominated by debris-flow erosion which can be used to guide the implementation 
of models for assessing post-fire debris-flow hazards.     
4.3 Background 
Debris flows in recently burned areas most often initiate by the progressive bulking of 
material eroded from the main channels in a drainage basin (Cannon and Gartner, 2005; Parrett, 
2003; Cannon et al., 2003).  Landslide initiated debris flows have also been observed in recently 
burned areas, but are less common (Cannon and Gartner, 2005).  They also erode, transport and 





progressive bulking of channel material.  Material eroded from the main channels in a drainage 
basin provides the majority of source material for post-fire debris flows (Santi et al., 2008).  The 
path of a debris flow initiated by progressive bulking of material can be divided into three parts; 
1) initiation, where material is eroded from channels in the drainage basin, 2) transport, where 
the debris flow material is flowing down a channel with no net erosion or deposition, and 3) 
deposition, where material is deposited in the channel or on a debris fan (Hungr, 2005).   
Some research has identified terrain characteristics that are related to debris-flow channel 
initiation, transport and deposition (e.g. Guthrie et al., 2010; Hungr, 2005; Benda and Cundy, 
1990), however little of this research is specific to post-fire debris-flow channels.  Terrain 
characteristics that influence debris-flow initiation, transport and deposition include contributing 
area (Meyer and Wells, 1997; Jakob, 2005; Stock and Dietrich, 2003), slope (Hungr, 2005; 
Cannon, 1989; Stock and Dietrich 2003), channel geometry (Cannon, 1989), degree of burn 
severity within the contributing drainage basin area (Gartner et al., 2008; Cannon et al., 2009), 
and debris-flow magnitude (Hungr, 2005).   
Meyer and Wells (1997) mapped fire related debris-flow deposit facies on small alluvial 
fans and concluded that debris flows were the dominant erosion process for basins less than 3 
km
2
.  Similarly, watersheds smaller than 5 km
2
 that are steeper than 27% are likely to have 
debris-flow potential (Jakob, 2005).  Channel slopes measured and plotted against drainage area 
were curved in log-log space and interpreted to be a topographic signature of debris-flow erosion 
(Stock and Dietrich, 2003).  Bedrock erosion along channel networks steeper than about 10 to 
30% can be attributed to debris flows (Stock et al., 2005) and debris-flows rarely travel along 
slopes less than 10% (Stock and Dietrich, 2003).  Deposits of landslide-initiated debris flows in 





between 21 and 27% for channelized debris flows (Guthrie et al., 2010).  Smaller debris flows 
have been observed to deposit on steeper slopes than larger debris flows (Hungr, 2005) and the 
rate of debris-flow deposition depends on the strength of the slurry and the geometry of the 
channel (Cannon, 1989).  Debris-flow deposition in confined mountain channels can be predicted 
using an empirical model that is a function of channel slope and tributary junction angle (Benda 
and Cundy, 1990).   
Sediment entrainment in a debris-flow channel is controlled by the shear stress exerted at 
the base of the flow on channel bed material.  Shear stress is calculated based on the fluid density 
(ρ), gravity (g), flow depth (h) and slope (ϴ), using the equation; 
τ = ρghsin(ϴ             (4.1) 
For debris flows, a precise estimate for the fluid density (ρ) is nearly impossible to 
determine due to fluctuating sediment to water ratios that exist for debris flows in different 
settings and between the boulder rich front and watery tail of a debris flow (Iverson, 1997).  
Flow depth (h) is controlled by a combination of the channel geometry, flow magnitude and the 
contributing drainage basin area.  Deposition in a channel is more likely for flows with high 
slurry strength, for “v” shaped channels with lower height to base ratios, and smaller channel 
gradients (Cannon, 1989).  Flow magnitude is affected by the conditions in the contributing 
drainage basin area and rainfall amounts and intensities.  Contributing drainage basin area 
increases the flow magnitude by providing a greater catchment area for rainfall and subsequent 
runoff.  For contributing drainage basin areas that are severely burned, the effect of fire on 
increasing runoff may result in greater debris-flow magnitudes and flow depths than for 
contributing drainage basin areas that are unburned or burned at low severity.  Despite 





variables that increase flow depths influence shear stress and may potentially be used to predict 
locations of debris-flow initiation, transport, and deposition.   
The material properties in a drainage basin influence where debris-flow incision, 
transport, or deposition occurs.  Empirical models for predicting post-fire debris-flow probability 
have incorporated soil engineering properties derived from the USSOILS database (Schwarz and 
Alexander, 1995), and suggest that clay content, organic matter and liquid limit all affect the 
probability of a debris-flow in a burned area (Cannon et al., 2010).  The availability of sediment 
stored in a channel also influences the likelihood of post-fire erosion (Moody and Martin, 2009).  
Entrainment of channel material and debris-flow initiation by progressive sediment bulking can 
only occur in channels with erodible material.  Little to no erosion can occur along a channel 
with a firm base as is evidenced by studies that found low erosion rates (less than a few 
centimeters per year) for bedrock lined channels (Stock et al., 2005).  Larger yield rates can be 
expected for channels with abundant channel fill (Santi et al., 2008; Hungr 2005).  Evaluating the 
amount of channel fill is difficult as no methods exist for predicting the amount of channel fill 
using DEMs and air photos.  Lamb et al. (2011) developed a model for predicting the volume of 
dry ravel produced in a burned drainage basin and found good correlations between calculated 
volumes and the volume of sediment deposited in debris retention basins.  Although material 
deposited in debris-retention basins consists of more than just dry ravel, Lamb et al., (2011) 
suggest that sufficient dry ravel may be deposited on bedrock-lined channels to provide ample 
material for erosion.  
4.4 Methods  
The geologic and ecological setting the study area is described in section 4.4.1.  The 





basins is described in section 4.4.2.  The methods used to calculate variables that may influence 
erosion and deposition are described in sections 4.4.3 and 4.4.4.  The logistic regression analysis 
is described in section 4.4.5, and the methods used to and calibrate the model to identify the 
portion of the drainage network dominated by debris-flow erosion are presented in section 4.4.6.    
4.4.1 Study Area 
The location of this research is in the portion of the San Gabriel Mountains of southern 
California that was burned by the 2003 Grand Prix fire (Figure 4.1).   
 
Figure 4.1.  A map showing the location of 2003 Grand Prix fire in the San Gabriel Mountains 
of southern California and the mapped points for post-fire debris-flow erosion and deposition. 
This range is within the Transverse Mountain range, an east to west trending range 





rocks, Tertiary sedimentary rocks, and Quaternary landslide and fan deposits (Yerkes et al., 
2005).  The study area is located in a Mediterranean climate with hot, dry summers and wet 
winters.  The dominant vegetation consists of chaparral, an assemblage of plants and shrubs that 
is prone to high severity fires.  In 2003, the Grand Prix fire burned a large part of the San Gabriel 
Mountains near San Bernardino.  The fire was controlled in November of 2003 and a rainstorm 
on December 25, 2003 triggered many debris flows in the burned drainage basins.     
4.4.2 Mapping locations of debris-flow incision, transport, and deposition  
Stereoscopic air photos were taken shortly after the December, 25, 2003 debris-flow 
events near San Bernardino, CA.  The stereoscopic air photos have a 1:12,000 scale and were 
used to map locations of debris-flow channel erosion, the onset of debris-flow deposition, and 
debris-flow deposition.  Locations mapped using the 1:12,000 stereoscopic air photos were 
identified on 1:80,000 scale digital infrared images that were also flown shortly following the 
debris-flow events.  Figure 4.2 shows a portion of the study area covered by the 1:12,000 scale 
aerial photos and demonstrates the fine resolution that enabled mapping of locations for debris-
flow erosion, transition from erosion to deposition, and deposition.  The combination of 
stereoscopic and digital imagery enabled precise mapping of locations of erosion, the transition 
from erosion to deposition, and deposition.  Site visits to some of the mapped points were made 
to verify that the locations were correctly identified. 
The following criteria were used to identify locations of debris-flow incision, transitions 
from erosion to deposition, and continuous deposition.  Debris-flow erosion was mapped for 
locations where channel scour is evident.  In a recently burned area most of the land surface is 
darkened by combusted vegetation and scour can be identified by lighter colored material in the 





deposition was identified for locations where a clear transition between eroded channels and 
debris-flow deposits could be identified.  Debris-flow deposition was identified where fresh 
deposits fill the channel and or extend onto a debris fan.    
 
Figure 4.2.  Stereoscopic aerial photographs (1:750 scale) were used to map locations of post-
fire debris flow erosion (red circles), deposition (orange circles), and the transition from debris-
flow erosion to deposition (green circles). 
4.4.3 Effects of terrain, burn severity, and soil characteristics on erosion and deposition 
Terrain characteristics expected to physically influence debris-flow erosion and 





selected based on previous research that has identified contributing drainage basin area (Meyer 
and Wells, 1997; Jakob, 2005; Stock and Dietrich, 2003), channel geometry (Cannon, 1989) and 
slope (Hungr, 2005; Cannon, 1989; Stock and Dietrich, 2003) as possible factors that control 
debris flow erosion and deposition.  Specifically, these factors include channel slope, curvature, 
upslope relief, longest upslope channel length contributing drainage basin area, contributing 
drainage basin area, average slope of the contributing drainage basin area, and contributing 
drainage basin area burned at various severities.  While most of these factors are calculated for 
the basin area upstream of a given channel location, curvature and channel slope are measured 
for single points along the drainage network as the maximum change in elevation (for slope) or 
slope (for curvature) for 3x3 grid cell area.  Along a channel, the greatest change in slope is often 
perpendicular to the channel and curvature can be used to provide a measure for the channel 
confinement.  The terrain characteristics were mapped using widely-available 10-m resolution 
DEMs.  
Burn severity maps were provided by U.S. Geological Survey Monitoring Trends in Burn 
Severity project (MTBS).  Burn severity reflects the temperature of the fire at the soil surface 
and can be used as a metric to approximate the degree of soil water repellency, amount of ash in 
the soil structure, changes to the soil structure, and consumption of the litter, duff, and small 
woody debris.  Burn severity can be estimated using the differenced normalized burn ratio 
(dNBR), which is generated using satellite imagery taken before, and immediately following a 
wildfire.  The dNBR compares pre- and post-burn normalized difference between Landsat TM 
bands 4 and 7 to estimate burn severity within fire perimeters at 30-m resolution (Key and 





drainage basin areas burned low, moderate, and high severity as well as at a combination of 
moderate and high severity.   
To characterize the influence of material properties on debris flow channel erosion and 
deposition, engineering soil characteristics derived from the USSOILS database (Schwarz and 
Alexander, 1995) were calculated for each mapped point.  The USSOILS database is derived 
from the State Soil Geographic Survey (STATSGO) and spatially interpolates soils data for 
locations with no defined soils data.  Although the STATSGO data has a coarse, 1-km resolution, 
it provides a continuous coverage for the entire area.  Soil engineering characteristics were 
calculated using the USSOILS database and include the percent organic matter, permeability, 
percent clay, liquid limit and the available water content. 
4.4.4 Development and validation of model predicting debris-flow erosion 
A compiled database of measured terrain, burn severity and engineering soil 
characteristics for locations of debris-flow erosion and deposition was analyzed using logistic 
multiple regression to develop a predictive model for post-fire debris-flow erosion.  Values 
assigned to the mapped debris flow process were coded as: 0 = deposition and 1 = erosion.  The 
first step to develop a predictive model for erosion was to identify which variables were 
significantly different for locations of mapped erosion and deposition using F- and T-tests.  Next, 
correlations between each variable and debris-flow process were calculated using Spearman’s ρ 
and Pearson’s r correlation coefficients.  Next, the variables most correlated to debris-flow 
erosion and deposition were included in a best subsets regression with to identify possible best 
combinations of variables for a predictive model.  Best subsets regression identifies the best 
combinations of variables based on which have the highest adjusted R
2
 and the lowest Mallows 





best subsets regression were further analyzed using logistic multiple regression.  The logistic 
multiple regression models were evaluated based on the minimum log likelihood value and a 
minimum 95% confidence in the coefficient for each variable.  If there was not sufficient 
confidence in a variable, the model was re-evaluated without that variable.  The iterative process 
of removing variables and analyzing each model leads to the development of the optimal model 
for predicting locations of post-fire debris-flow erosion.  
The ability of the optimal model to predict debris-flow processes was validated using a 
test dataset of 84 mapped points retained from the data collected and not used in the development 
of the predictive model.  The validation dataset was used to calculate the precision and accuracy 
of the model predictions.  Precision and accuracy were calculated using a confusion matrix 
consisting of four categories; true positives, false positives, false negatives, and true negatives 
(Fawcett, 2006).  For this study, a true positive represents a location in the validation dataset that 
was correctly classified as erosion (i.e. calculated probability of erosion greater than 0.5) and a 
false positive represents a location in the validation dataset that was falsely classified as erosion.   
A false negative represents a location that was falsely classified as deposition (a predicted 
probability of erosion less than 0.5) and a true negative represents a location that was correctly 
classified as deposition.  Precision is calculated as the ratio of true positives to the sum of the 
true and false positives (Fawcett, 2006).  Accuracy is calculated as the ratio of the sum of the 
true positives and negatives to the total number of locations in the validation dataset (Fawcett, 
2006).   
4.4.5 Model calibration to identify portion of drainage network dominated by erosion 
Debris flows have been observed to have both distinct and gradual transitions from 





alternating or simultaneous erosion and deposition of levees or lag deposits.  Current hazard 
assessment models require that distinct zones of erosion and deposition be defined.  Empirical 
models for predicting debris-flow volumes (e.g. Cannon et al., 2010; Gartner et al., 2008; 
Gartner et al., 2009) are best applied to the portion of the drainage network dominated by debris-
flow erosion, and the LAHARZ model for debris-flow inundation is applicable downstream of a 
point representing the transition from debris-flow erosion to deposition (Iverson et al., 1998; 
Schilling et al., 1998).   
Because the predictive model for debris-flow erosion was expected to reflect both gradual 
and distinct transitions, the model was calibrated to identify the portion of the drainage network 
dominated by erosion.  The calibration of the model included four steps.  First, the logistic 
regression model was applied to the burned drainage network with calculated probabilities of 
erosion greater than, or equal to 0.5 reclassified with values of “1” to represent locations of 
expected post-fire debris-flow erosion.  Second, the percentage of the upstream drainage network 
classified as post-fire debris-flow erosion was continuously calculated along the drainage 
network.  Third, the percentage of the upstream drainage network classified as erosion was 
calculated for each of the mapped points representing the transition between debris-flow erosion 
and deposition (green circles in Figure 4.2).   Last, the average percentage of the upstream 
drainage network classified as erosion was calculated for the mapped transition points and 
interpreted to represent the division between portions of the drainage network dominated by 
debris-flow erosion and continuous deposition.  
4.5 Results 
Aerial photograph mapping provided 268 locations of debris flow channel incision, 145 





erosion and deposition.  Spearman’s ρ and Pearson’s r correlation coefficients indicated the best 
correlations to debris-flow channel erosion and deposition to be channel slope, planform 
curvature, and upstream channel length (Table 4.1).   
Table 4.1. Correlations for variables analyzed.  The asterisk indicates the three variables with 
the best correlation to erosion that were used in the probability model for predicting locations of 
post-fire erosion. 
Variable Pearson’s r Spearman’s ρ 
Contributing drainage basin area (km
2
) -0.62 -0.61 
Channel slope (%)*  0.74 0.75 
Planform curvature (m
-1
)* -0.68 -0.69 
Burn severity (1 = low, 2 = moderate, 3 = high) 0.47 0.49 
Drainage basin area burned at all severities (km
2
) -0.62 -0.60 
Drainage basin area burned at moderate and high severities (km
2
) -0.55 -0.55 
Upstream channel length (m)* -0.65 -0.64 
Upstream channel length per drainage basin area (m
-1
) 0.55 0.55 
Relief of the contributing drainage basin area (m) -0.56 -0.56 
Percent Organic Matter -0.56 -0.55 
Permeability 0.60 0.60 
Percent Clay Content -0.57 -0.57 
Liquid Limit -0.27 -0.25 
Available Water Content 0.46 0.64 
 
Summary statistics for the variables that describe the mapped locations of erosion and 
deposition (Table 4.2) characterize the terrain, burn severity, and soil characteristics of the 
mapped points.  F-tests identified all of the variables to have unequal variances and T-tests 
identified that nearly all of the variables (with the exception of liquid limit) to be significantly 
different for locations of mapped erosion and deposition.  Mapped locations of channel erosion 
were associated with smaller contributing drainage basin areas, steeper channel gradients, more 
concavity (more negative values for curvature), smaller burned contributing areas, shorter 








Table 4.2.  Descriptive statistics for mapped locations of erosion and deposition (bottom 
and in parentheses. 
Variable Mean Standard 
Deviation 
Minimum Median Maximum 
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4.5.1 Logistic regression model for predicting probability of erosion 
The best subsets regression indicated that the best combination of predictor variables to 
be contributing drainage basin area, channel slope, curvature, burn severity, and the upstream 
channel length per contributing drainage basin area.  Further analyses using logistic regression 
identified that probability of debris-flow erosion could be best predicted using the equation; 
   
  
    
  ,      (4.2) 
where;  





and S is the channel slope, C is the planform curvature (m
-1
), and L is the channel length (m).  
The model verification dataset indicated that the model has an accuracy of 83% and a precision 
of 89%.  This model can be used to predict the probability of erosion throughout a recently 
burned area (Figure 4.3). 
4.5.2 Model calibration to identify portion of the drainage network dominated by erosion 
Applying the model to the study area revealed that many of channels gradually transition 
from being classified as erosion to deposition, which is not conducive for applying models that 
predict post-fire debris-flow probability and magnitude because a distinct transition cannot be 
identified.  Model calibration indicated that mapped locations for the transition between debris-
flow channel erosion and deposition corresponded to locations where 95% of the upstream 
drainage network was classified as “erosion” (Figure 4.3).  This value can be used to identify the 
portion of the drainage network dominated by post-fire debris-flow channel erosion. 
4.6 Discussion 
Post-fire debris-flows pose significant threats to communities living within and adjacent 
to recently burned, mountainous terrain.  Post-fire debris-flow hazard assessments should 
provide detailed information for the hazards within and near the burned area.  Furthermore, the 
methods for estimating post-fire debris-flow hazards should be repeatable and not rely on 
manually defined drainage-basin outlets.  The research presented here provides new information 
for post-fire debris flow assessments and a consistent method for implementing post-fire debris-
flow hazard assessment tools.  The model is easily applied with a minimum of inputs required; a 
DEM and GIS data for burn severity.  The model precisely and accurately predicts the 






Figure 4.3.  Using information provided by a DEM and Burn Severity Grid (top left), the 
probability of post-fire debris-flow channel erosion is calculated using Equations 4.2 and 4.3 
along the portion of the drainage network with a minimum 0.01 km
2
 area burned (top right).  
Probabilities greater than 0.5 are classified with values of one which are used to calculate the 
percentage of the drainage network classified as erosion (lower left).  Locations along the 
drainage network with a minimum 95% of the upstream channel network classified as erosion 
are suitable locations along the channel for applying an empirical model for predicting post-fire 
debris-flow volumes (lower right).  In conjunction, the logistic regression model for post-fire 
debris-flow erosion and the multiple regression model for debris-flow volumes provide 
continuous estimates for debris-flow volumes along the portion of the drainage network 
dominated by post-fire erosion.  The downstream terminus of the debris-flow volume predictions 





Post-fire debris-flow hazard assessments consist of maps that illustrate the probability, 
magnitude, and relative combined hazard of post-fire debris flows (e.g. Cannon et al., 2009).  
Debris-flow probability and magnitude are portrayed by color-coded drainage basins or channels 
that reflect model results.  Although these maps provide critical information for the hazards that 
exist in a recently burned area, no specific information is provided for where erosion is expected.  
The model presented here provides a new tool for quantifying the probability of erosion for 
channels that are burned, or for areas downstream of burned areas.  This new information may be 
used to guide the location of post-fire channel erosion mitigation structures such as check dams, 
ring net barriers or debris-retention basins.  Using the model presented here, a structure that is 
designed to mitigate channel incision could be directed to a location with high probability of 
erosion.  Furthermore, a structure designed to catch material may perform better if located where 
channel erosion is less likely to protect the foundation and to take advantage of natural terrain 
features that make deposition likely (e.g. lesser channel slopes or less confined channels).   
The calibration of the model provides a method to consistently identify the portion of the 
burned drainage network expected to be dominated by erosion and provides critical information 
for locating the transition between debris-flow erosion and deposition.  The calibrated model 
eliminates the need to define a drainage-basin outlet or a downstream extent of the assessed 
drainage network for implementing the existing models for predicting debris-flow probability 
and magnitude.  Each of the steps needed to calculate the probability of post-fire debris-flow 
channel erosion and the portion of the drainage network dominated by erosion can be 
programmed for rapid implementation.  The results can then be used to implement post-fire 
hazard assessment models for post-fire debris-flow probability and volume along drainage 





al., 1998) to predict areas inundated by post-fire debris flows may use these results to identify the 
transition between erosion and deposition that is required to model debris-flow inundation.   
The model portrays realistic influences of predictor variables on the probability of 
erosion.  Steeper channel slopes increase the basal shear stress along the channel bed and result 
in higher probabilities of erosion.  The negative coefficient for curvature indicates that concave 
surfaces, which tend to increase flow depth, increases the probability of erosion.  Increased flow 
depths also result in increased basal shear stress along the channel bed and therefore increase the 
probability of erosion.  Longer channel lengths are associated with decreases in the probability of 
erosion due to the increasing distance from the steep upper reaches of a drainage basin.  
Although burn severity and contributing area have been shown to influence channel erosion, 
variables describing these characteristics were not included in the model, and thus, the model is 
not specific to burned areas or channels.  However, all of the mapped points are specific to 
channels with a minimum 0.01 km
2
 burned contributing area and the model should only be 
applied to locations that fit this criterion. 
Potential errors in the estimated location for the transition between debris-flow erosion 
and deposition are possible as the model does not incorporate the magnitude or material 
properties of the debris-flow, and the model assumes a distinct transition for a process that has 
been observed to be indistinct.  Debris-flow channels may alternate between erosion and 
deposition before continuous deposition begins.  Erosion of the channel bed may occur 
simultaneously with the deposition of levees on the margin of the channel resulting in no net 
erosion or deposition.  Alternatively, a confined bedrock reach may be sufficiently steep and 
confined to prevent deposition while being resilient against erosion.  The scale of the event also 





same drainage (Hungr, 2005).  Differences in the physical properties of the debris-flow material 
may also influence the transition between erosion and deposition (Cannon, 1989).  For example, 
the initial debris flows following a fire may have higher sediment concentrations and may 
deposit further upstream than later debris flows that have lower sediment concentrations.  The 
approach presented here to identify the portion of the drainage network dominated by erosion 
enables the consistent application of existing hazard assessment tools for calculating debris-flow 
probability and magnitude.     
The model presented here is most applicable to recently burned drainage basins within 
the San Gabriel Mountains of southern California.  Other recently burned areas within the greater 
Transverse and Peninsular ranges may also be suitable locations for applying this model; 
however, adequate consideration should be given to verify that the site is similar to the San 
Gabriel Mountains of southern California.  Table 4.2 provides summary statistics for the terrain, 
burn severity, and engineering soil characteristics of the locations analyzed by this study and can 
be used to check that the models presented here are applied to terrain that is similar to the San 
Gabriel Mountains of southern California.  Although, significant differences between mapped 
locations of erosion and deposition were identified by T-tests for each variable with the 
exception of liquid limit, the logistic regression model developed provides the best tool for 
identifying the portion of the drainage network dominated by erosion.  We also recommend field 
verification for any application of the model, with particular attention given to the location 
defined for the transition between erosion and deposition.  Transitions between debris-flow 
erosion and deposition may occur many times within a drainage basin.  Lag deposits and levees 
along a channel may occur simultaneously with dominant transport of debris flow material and 





dominated by erosion by the calibrated model presented here.  The transition between erosion 
and deposition defined by the model should coincide with continuous deposition of debris-flow 
material.  The transition between erosion and deposition defined by the model may reflect 1) the 
transition from a steep walled canyon to a broad distributary alluvial fan, 2) the intersection of a 
small, steep drainage with a larger wash, or 3) the transition from a steep confined channel to a 
lower sloped, unconfined valley floor. 
The model presented here provides a new tool for calculating the probability of erosion 
within a burned area and a consistent method for implementing existing hazard assessment 
models.  The model is based on variables expected to influence post-fire debris-flow erosion that 
are realistically represented.  The model is most applicable to the San Gabriel Mountains of 
southern California; however, the model may be applied to other locations that have similar 
terrain, burn severity and engineering soil characteristics.  Field verification of the model results 
is recommended to ensure that the locations of post-fire debris-flow erosion and the transition 
between erosion and deposition are accurately predicted.   
4.7 Summary and Conclusion 
In this study, locations of debris-flow erosion and deposition were mapped using aerial 
photos and field site visits.  Terrain characteristics for each of the mapped points were calculated 
using GIS analyses of DEMs.  Channel slope, planform curvature, and the length of the longest 
upstream channel were most correlated to debris-flow erosion.  The data were analyzed using 
multiple logistic regression to develop a model for predicting the probability of debris-flow 
erosion throughout a recently burned area.  The model was calibrated so that it can be used to 
identify the portion of the drainage network dominated by post-fire debris-flow erosion.  The 





is likely and the calibrated model can be used to define the portion of the drainage network for 
implementing post-fire empirical models for predicting debris-flow volumes.  In addition, the 
calibrated model provides information to identify locations where debris flows transition from 





CHAPTER 5 EXAMINATION OF POST-FIRE DEBRIS-FLOW YIELD RATES 
5.1 Abstract 
Post-fire debris flows pose severe hazards to communities within and adjacent to recently 
burned, mountainous terrain.  Currently, post-fire debris-flow hazards are assessed by applying 
empirical models for probability and magnitude along the portion of the drainage network 
dominated by debris-flow erosion.  The main channels within a drainage basin provide the 
majority of the source material for debris-flows and can be quantified using the yield rate, 
defined as the volume of material eroded per length of channel.  Yield rates vary throughout a 
drainage basin and are influenced by complex interactions between sediment supply, debris-flow 
magnitude, terrain, burn severity, and storm rainfall.  Yield rates predicted along a debris-flow 
channel could provide critical information for assessing post-fire debris flow hazards and guiding 
erosion mitigation treatments; however, no reliable methods currently exist for predicting yield 
rates.  In this study, yield rates measured in recently burned drainage basins were analyzed to 
identify correlations with measures of terrain, burn severity, rainfall, and soil characteristics, and 
to develop a predictive model for yield rates.   
Yield rates were measured using cross section surveys of channels in steep, rugged, and 
recently burned drainage basins located in the San Gabriel and San Bernardino mountains of 
southern California.  Surveys of channel cross sections located within drainage basins burned by 
the 2009 Station fire near La Crescenta, California were made before and after the passage of 
debris flows.  Channel cross sections located in drainage basins burned by the Grand Prix and 
Old Fires near San Bernardino, California were measured shortly following a debris flow, and 
yield rates were estimated by projecting undisturbed channel hillslopes into the scoured portion 





analyses of 10-m resolution DEMs and remotely sensed burn severity data.  Rainfall was 
measured by tipping-bucket raingages installed within one kilometer of the yield rate 
measurements.  Soils were characterized using engineering soil characteristics and field-based 
observations of sediment supply.  Multiple linear regression and correlation analyses were used 
to develop predictive models for yield rates and to identify which terrain, burn severity, rainfall, 
and soil characteristics significantly influenced yield rates.   
Yield rates with net erosion (n = 358) ranged from 0.02 to 22 m
3
/m, with a mean of 1.96, 
and a standard deviation of 3.24.  The largest yield rate measurements coincided with locations 
immediately downstream of field-mapped bedrock steps, emphasizing the influence of in-
channel “fire-hose” entrainment on debris-flow entrainment of material.  The lowest yield rates 
were measured for channels with shallow depths to bedrock which emphasizes the influence of 
sediment supply on debris-flow magnitude estimates.  An empirical model was developed for 
predicting yield rates as a function of burned contributing drainage basin area and channel slope.  
The model is specific to storms with short (less than two-year) recurrence intervals, and variables 
for engineering soil characteristics did not significantly improve the model.   
The model presented provides a new, reliable method for estimating yield rates for 
specific locations throughout a recently burned area.  Furthermore, the model exceeds 
expectations by successfully predicting total volumes of eroded debris-flow material from 
drainage basins.  A comparison of predicted volumes of eroded debris-flow material to measured 
volumes of deposited debris-flow material identified 93% of the measured volumes to be 
predicted to within an order of magnitude, an accuracy that competes with existing models for 






Many post-fire debris-flow hazard assessments focus on predicting volumes of material 
expected at varying locations along drainage networks (Cannon et al., 2010; Gartner et al., 2008; 
Gartner et al., 2011).  The predictions are based on drainage-basin scale calculations for 
variables that describe terrain, burn severity, and rainfall characteristics (Cannon et al., 2010).  
Furthermore, little information is provided about the variability and intensity of erosion that 
occurs within a drainage basin (Gartner et al., 2011).  Previous research has identified that most 
of the source material for debris-flow material comes from the main channels within a drainage 
basin (Santi et al., 2008); however, no reliable tools exist for predicting the magnitude of erosion 
for specific locations within a drainage basin.  Efforts to mitigate post-fire erosion would greatly 
benefit from more specific information about the magnitude of erosion possible within recently 
burned drainage basins.   
In this study, yield rates, terrain, burn severity, rainfall, and soils were analyzed to 
develop empirical models for predicting the magnitude of yield rates in recently burned areas and 
to identify correlations that may assist field verification of model predictions.   The empirical 
model presented provides an unprecedented and reliable method for predicting yield rates 
throughout a recently burned area.  The model can also be used to predict total volumes of 
eroded debris-flow material from drainage basins that are based on finer scale, 10-m resolution 
measurements of channel slope rather than drainage-basin scale measurements of predictor 
variables.  
5.3 Background 
The magnitude of debris-flow channel erosion can be quantified using the “yield rate.”  





to the passage of a debris flow (Hungr et al., 1984; Hungr, 2005; Santi et al., 2013).  Positive 
yield rates quantify erosion, while negative yield rates quantify deposition.  Yield rates 
characterize how debris-flow magnitudes evolve along a channel and can be used to identify 
locations of debris-flow source material.  A predictive model for debris-flow yield rates can 
provide critical information for the magnitude of erosion for specific locations within a burned 
area and for making drainage basin-scale estimates of debris-flow volume that are based on 
finer-scale measurements.  The development of a predictive model for yield rates is possible 
through the collection and statistical analysis of data for yield rates and associated measures of 
terrain, burn severity, rainfall, and soil characteristics (e.g. Cannon et al., 1989; Hungr et al., 
2005; Santi et al., 2013).  Previous research has identified specific terrain, burn severity, rainfall, 
and soil characteristics that influence debris-flow initiation, magnitude, and yield rates.   
Numerous studies have examined how erosion and deposition of debris-flow material are 
influenced by geomorphic parameters such as basin area (Cannon and Gartner, 2005), slope (e.g. 
Cannon and Gartner, 2005; Hungr et al., 2005; Stock et al., 2003), and channel geometry 
(Cannon, 1989; Hungr et al., 1984).  Post-fire debris flows are often generated from small 
drainage basins that are less than 25 km
2
 with average slopes that from 14 to 42 degrees (Cannon 
and Gartner, 2005; Gartner et al., 2005).  Erosion of bedrock lined channels steeper than about 5 
to 15 degrees can be attributed to debris-flows, and debris-flows rarely travel along slopes less 
than about 5 degrees (Stock and Dietrich, 2003; Stock and Dietrich, 2005).  Deposition of debris-
flow material may occur on a range of slopes depending on confinement, with deposition 
possible on steep slopes (10 to 14 degrees) that have a depth/width ratio greater than 1:5 (Guthrie 
et al., 2010; Hungr et al., 1984).  Planform curvature, a measure of the rate of change in slope, 





increased flow depths and basal shear stresses capable of eroding channel material (Iverson, 
1997).   
The extent and degree of burn severity in a drainage basin influences debris-flow yield 
rates by generating water repellant soils that lead to increased runoff (Debano, 1981; Doerr et al., 
2000), lowering the critical shear stress needed to erode burned soils (Moody and Martin, 2005), 
lowering threshold slope-area relations for channel heads (Hyde et al., 2014), and increasing 
debris-flow magnitudes (Cannon et al., 2010; Gartner et al., 2008).  Post-fire yield rates are 
directly correlated with rainfall totals and intensities, as evidenced by the positive influence of 
total storm rainfall on post-fire debris-flow volume (Cannon et al., 2010; Gartner et al., 2008), 
rainfall intensity-duration thresholds for debris-flow initiation (Cannon et al., 2009), and the 
occurrence of debris-flow surges that coincide with threshold-exceeding rainfall measured over 
short (less than one hour) durations (Kean et al., 2011).  Total storm rainfall and peak storm 
intensity influence debris-flow magnitudes (Cannon et al., 2010; Gartner et al., 2008; Gartner et 
al., 2009) and increase shear and normal stresses imparted on the channel bed surface by 
increasing flow depths (Hungr, 2005; Iverson, 1997).  Rainfall also increases entrainment of 
channel bed material by increasing the volumetric water content of the soil (Iverson et al., 2011).  
Debris-flow entrainment due to shear stress at the base of a debris flow is illustrated by the 
progressive scour (rather than mass movement) of the channel bed material that has been 
observed in debris-flow flume experiments (Iverson et al., 2011), natural debris-flow channels 
(Berger et al., 2010; McCoy et al., 2010), and in post-fire settings (Cannon et al., 2003).  Post-
fire debris-flow magnitudes rapidly increased with distance downstream of an inflection point 





severity and rainfall characteristics that influence flow magnitude are likely to influence the 
magnitude of yield rates in recently burned areas.   
Soil characteristics identified to influence post-fire yield rates include water content 
(Iverson et al., 2011) and sediment supply (e.g. Benda and Dunne, 1997; Bovis and Jakob, 1999; 
Moody and Martin, 2009).  Moody and Martin (2009) found sediment supply to influence post-
fire sediment yields more than topographic slope or soil erodibility.  Debris-flow yield rates may 
be “transport limited” by low runoff or “supply limited” by meager channel fills and bedrock-
lined channels (Bovis and Jakob, 1999).  Sediment supply in channels varies spatially and 
temporally (Benda and Dunne, 1997) and debris-flow activity is greater in transport-limited 
drainage basins than in supply-limited drainage basins (Bovis and Jakob, 1999).  Thick 
accumulations of dry ravel deposited in channels after fire can provide ample material for debris-
flow entrainment (Lamb et al., 2011; Wells, 1987).   
These research studies identify measures describing terrain, burn severity, rainfall, and 
soil characteristics that influence post-fire yield rates.  Measurements of these characteristics 
along with post-fire yield rates will provide critical information for developing empirical models 
that identify source material for debris-flows and characterize how debris-flow magnitudes 
evolve along the length of a channel in a burned drainage basin.  
5.4 Study Areas 
The 2009 Station Fire was the largest recorded fire in Los Angeles County, California 
history.  The fire burned chaparral-vegetated hillslopes of the San Gabriel Mountains, and four 
drainage basins were selected within this burned area for measuring post-fire debris-flow yield 
rates (Figure 5.1).  Three of the monitored drainage basins (Starfall Canyon, Mullaly Canyon, 





The 2003 Grand Prix and Old fires occurred near San Bernardino, California in the San 
Gabriel and San Bernardino mountains.  Shortly following the containment of the fire, a storm 
on December 25, 2003, triggered numerous debris flows throughout the burned area.  Four 
unnamed drainage basins were surveyed shortly following the debris-flow event (Figure 5.1). 
 
Figure 5.1.  Locations of drainage basins where channel cross sections were measured to 
estimate yield rates.  These drainage basins include; 1) a tributary to the Big Tujunga Creek, 2) 
Starfall Canyon, 3) Mullaly Canyon, 4) Gould Canyon, 5) a tributary to the North Fork of Lytle 
Creek, 6) A tributary to El Cajon Canyon, 7 and 8) Tributaries to the West Fork of the Mojave 
River. 
The San Gabriel and San Bernardino mountains are part of the greater Transverse 
Mountain Range, which runs east-west in southern California.  These mountains are heavily 
faulted and folded and consist of complex assemblages of granitic, metamorphic, and 
sedimentary rock types (Bortugno and Spittler, 1998; Yerkes et al., 2005).  Landslide, debris-
flow, and flood deposits are common throughout the San Gabriel and San Bernardino Mountains 






Methods used to measure and analyze yield rates, debris-flow magnitude, and terrain, 
burn severity, rainfall, and soil characteristics are presented in the following sections. 
5.5.1 Yield rates  
Yield rates were measured using surveys of channel cross sections to calculate the change 
in cross-sectional area caused by the passage of a debris flow (Figure 5.2).  These measurements 
represent the yield rate as the volume of material eroded per channel length.  The original 
channel shape was either surveyed prior to a debris-flow event or estimated shortly following a 
debris-flow event by projecting non-eroded hill slopes into the scoured channel.  Trenching of 
debris-flow deposits and distinguishing the original channel bed surface from the deposited 
material was also done when possible to determine the pre-debris flow channel shape.   
Channel cross sections were measured using a channel profiler; a device that measures 
the slopes across a channel cross section in 0.5 meter increments to generate a set of x and y 
coordinates that represent the channel shape (Keaton and DeGraff, 1996). The channel profiler is 
very portable and can quickly measure cross sections in steep terrain where a total station or 
ground based Light Detection and Ranging (LiDAR) survey is not as feasible.  The exact 
distance and angle between the monuments were measured using a Leica disto-meter so that the 
channel profiler measurements could be plotted from each side for error distribution.  The middle 
third of the cross section was plotted as the average of the two plots from each side of the 
channel.     
Nineteen cross sections were surveyed before and after the passage of debris flows in 
four drainage basins burned by the 2009 Station Fire in Southern California.  The cross sections 





Tujunga Canyon, seven in Gould Canyon, nine in Mullaly Canyon, and two in Starfall Canyon) 
and were distributed along the channel from the drainage-basin outlet to the drainage-basin 
divide.  The cross sections were marked with monuments (rebar pounded into the ground) that 
were placed high enough on each bank so that they were not removed by the passage of the 
debris flows.  Topographic maps and Global Positioning System (GPS) measurements were used 
to precisely locate each cross section.   
 
 
Figure 5.2.  A photograph of a channel cross section measured in Mullaly Canyon which was 
burned by the 2009 Station fire.  The pre- and post-debris flow channel surfaces are shown with 
the area of material removed that represents the yield rate.  
Three hundred forty-seven cross sections were measured in three drainage basins burned 





the Mojave River, and 33 in “xx” and 51 in “w” that both feed into Lytle Creek).  These cross 
sections were surveyed shortly after debris flows traveled through in drainage basins burned by 
the Station, Grand Prix and Old fires (Gartner et al., 2009).  To estimate yield rates, the pre-
debris flow shapes of the channel cross sections were inferred by projecting the hillslopes into 
the eroded channel and assuming v-shaped, pre-event geometry (Santi et al., 2008).  These cross 
sections were located on maps using a GPS measurements, field notes on the locations of nearby 
channel tributaries, and measured distances from the channel outlets. 
5.5.2 Debris-Flow Magnitude 
Post-fire debris flows were generated by many drainage basins burned by the 2009 
Station fire.  Forty-five of these debris-flows deposited volumes of sediment in debris-retention 
basins located at drainage-basin outlets.  These volumes were measured to provide information 
about debris-flow magnitudes and volumes of sediment eroded from drainage basins.  The 
volumes represent material deposited by a single debris-flow event in response to a single storm.  
Many of the drainage basins burned by the Station fire have debris-retention basins located at the 
drainage-basin outlets.  Some volumes of sediment were measured by recording the amount of 
material removed from the debris-retention basins provided by the Los Angeles County 
Department of Public Works (LACDPW).  Other measurements for debris-flow volumes were 
based on documented sediment levels in the debris-retention basins.  The debris-retention basins 
contain a drain with a “snorkel” that extends upwards to prevent clogging of the drain, and 
observed debris levels were measured from graduated markings on these “snorkels.”  For these 
locations, LiDAR surveys of the empty debris-retention basins were used to generate DEMs of 
the basins, and GIS analyses of these DEMs were used to estimate the volumes of sediment 





5.5.3 Terrain, Burn Severity, and Storm Rainfall  
Terrain characteristics were calculated for surveyed cross section using GIS analyses of 
10-meter DEMs.  The terrain characteristics measured include drainage basin area (m
2
), length of 
the longest upstream channel (m), channel slope (%), curvature (m
-1
), upstream drainage basin 
relief (m), and the average drainage basin slope (%).  Burn severity characteristics were 
measured using GIS analyses of DEMs and remotely sensed burn severity data provided by the 
U.S. Geological Survey Monitoring Trends in Burn Severity (MTBS) Project (www.mtbs.gov).  
Measurements of burn severity characteristics within the contributing drainage basin area include 
the drainage basin areas burned at low, moderate, and high severity, and combinations of the 
areas burned at moderate and high severity, and at all severities.  Rainfall information was 
provided by nearby rain gages installed by the U.S. Geological Survey, county ALERT 
networks, and city municipalities.  Storm rainfall totals (mm) and peak intensities (mm/hr) 
measured over 10-, 15-, 30-, and 60-minute durations were calculated.   
5.5.4 Soils  
The State Soil Geographic (STATSGO) database provides coarse, 1-km resolution data 
for identifying engineering soil characteristics (Schwarz and Alexander, 1995).  The USSOILS 
database interpolates values for engineering soil characteristics for locations that are not defined 
in the STATSGO database.  Although the SSURGO database provides finer scale soils 
information (Soil Survey Staff, 2014), it does not provide soils data for all of the study sites.   
For this reason, the USSOILS database was used to identify engineering soil characteristics of 
available water content, clay content (%), organic matter (%), permeability, and the liquid limit 





5.5.5 Data analysis 
The data collected for yield rates, terrain, burn severity, rainfall, and soil characteristics 
were analyzed with Anderson-Darling tests for normality, summary statistics, Pearson product 
moment correlation coefficients, and linear regressions.  For the regression analyses, both yield 
rates and yield rates normalized by burned contributing drainage area (the “normalized yield 
rate”) were analyzed as dependent variables.  These analyses were used to develop predictive 
models for yield rates throughout recently burned areas.  The models were validated with data 
for the volumes of material deposited in debris-retention basins.  
Normally distributed variables are required for performing multiple linear regressions and 
for calculating Pearson product moment correlation coefficients.  Anderson-Darling tests provide 
a statistic and p-value to identify if each variable is normally distributed (D’Agnostino and 
Stephens, 1986).  A minimum p-value of 0.05 was desired; if this could not be achieved, then 
natural logarithmic and square root transformations were applied to the data and re-examined.  
The transformation that provided the smallest Anderson-Darling statistic was used to provide the 
closest match to a normal distribution.  Summary statistics were calculated for each transformed 
variable and include the minimum, median, maximum, mean, and standard deviation.    
Pearson product-moment correlation coefficients were calculated to identify linear 
correlations between yield rates and each independent variable (Helsel and Hirsch, 2002).  
Variables with significant correlations to yield rate were defined as having p-values less than 0.1 
and were used in a “best subsets” regression.  The “best subsets regression” provided an initial 
set of models that could be quickly compared using adjusted R
2
 and Mallow’s Cp statistics 
(Helsel and Hirsch, 2002).  The models with the highest adjusted R
2
 and the lowest Mallow’s Cp 







, the Predicted Residual Sum of Squares (PRESS), and the residual standard 
error (S).  A residual plot should lack any visual trend and have a normal distribution.  Partial 
plots should show linear trends between independent and dependent variables.  Multi-collinearity 
can be detected by VIFs greater than 10.  The adjusted R
2
 indicates how well the dependent 
variable is explained by the independent variables and adjusts the degrees of freedom according 
to the number of independent variables used in the model.  The PRESS statistic evaluates the 
predictive ability of the model; lower PRESS statistics indicate better models (Helsel and Hirsch, 
2002).  The residual standard error (S) should be as low as possible as it forms the basis for the 
prediction interval.  A 95-percent prediction interval is calculated by adding and subtracting two 
residual standard errors to and from the predicted value.  In addition to meeting the statistical 
requirements for multiple linear regression, the variables included in the models were examined 
to ensure that the physical relationships described agree with observations of how terrain, burn 
severity, rainfall, and soil characteristics influence yield rates.   
The models that met the statistical requirements outlined above were further validated 
using a test database of 45 volumes of debris-flow material deposited by individual storms in 21 
debris-retention basins.  Yield rates (m
3
/m) were calculated for individual 10-meter grid cells in 
each drainage basin that were within the range of the data used to develop the models.  The 
calculated yield rates were multiplied by a 10-m resolution flow-direction grid reclassified to 
represent flow-length (10 m for vertical or horizontal flow directions and 14.14 m for diagonal 
flow directions) to predict a yield (m
3
) for each 10-meter grid cell.  Yield rates representing the 
upper and lower bounds of the 95% prediction interval were also calculated for each 10-meter 
grid cell and multiplied by the reclassified flow-direction grid.  The sum of the predicted yields 





drainage basins.  The sum of the yields representing the upper and lower bounds of the 95% 
prediction interval were also calculated to provide a prediction interval for each estimate of total 
volume of debris-flow material eroded from drainage basins.  The volumes predicted for each 
drainage basin were compared to the measured volumes of debris-flow material deposited in the 
debris-retention basins.  Comparisons were based on the slope, intercept, and R
2
 of a linear 
regression of the measured and predicted volumes: the best model had a slope and R
2
 closest to 
one and an intercept closest to 0.  Comparisons were also made based on the percentage of 
volumes predicted to within an order of magnitude and to within the prediction interval.  For 
reference, a model specific to predicting post-fire debris-flow volumes (Cannon et al., 2010) was 
also evaluated. 
5.7 Results 
Figure 5.3 illustrates how cross sections were measured along the length of the main 
channel within a drainage basin (Gould Canyon in the area burned by the 2009 Station fire) and 
the measured changes in cross sectional areas that represent measured yield rates.  Thirty-seven 
yield rates were measured in drainage basins burned by the 2009 Station fire, and 347 yield rates 






Figure 5.3.  Locations of channel cross sections (numbered points in yellow) measured in Gould 
Canyon, which was burned by the 2009 Station Fire.  Repeat surveys of channel cross sections 
(right) provided yield rate measurements (axes in meter units).  The unsurveyed channel reach 
between cross sections 2 and 3 was predominantly lined by bedrock.  The majority of channel 
erosion occurred in the upper and lower channel reaches (cross sections 0.5, 1, 4, 5 and 6).   
Yield rates with net erosion ranged from 0.02 to 22 m
3
/m.  Deposition was also measured 
at a few locations and found to be as large as -84 m
3
/m.  The lowest yield rates were associated 
with low channel gradients, bedrock-lined channels (cross section 3 in Gould Canyon, Figure 
5.3), and/or small contributing drainage areas.  Yield rates measured in recently burned areas of 
the San Gabriel and San Bernardino Mountains indicate that 85-90% of yield rates are less than 
10 m
3
/m, and 50% of yield rates are less than 3 m
3
/m (Figure 5.4).  High yield rates were 
associated with steep channel gradients and locations just downstream of a vertical to near-






Figure 5.4. Histograms of yield rates measured in the areas burned by the 2003 Grand Prix and 
Old fires (top) and the 2009 Station fire (bottom) reveal that the majority (>50%) of yield rates 
are less than 4 m
3







5.7.1 Sediment supply 
Field observations suggested the importance of sediment supply on the magnitude of 
yield rates.  Figure 5.5 shows examples of locations in Gould Canyon where yield rates were 
influenced by sediment supply.  Abundant sediment supply in the channel is pictured in the left 
photograph (cross section 4 in Gould Canyon), and measured yield rates at this location ranged 
from 10 to 19 m
3
/m.  In contrast, a shallow depth of sediment overlying a bedrock-lined channel 
is pictured on the right (cross section 3 in Gould Canyon) and measured yield rates were close to 
1 m
3
/m.  These cross sections were located within 150 meters of each other and were 
characterized by similar terrain, burn severity, rainfall, and soil characteristics.  The difference 
between yield rates measured at these locations was attributed to sediment supply. 
 
Figure 5.5.  Two cross sections in Gould Canyon.  The left photo shows a person for scale in the 
lower left and the outlines of the cross sections in the right photograph are about 10 meters 
wide.  These photographs demonstrate the influence of sediment supply on yield rates.  In the left 
photo, there is abundant sediment for erosion and yield rates are high (10-18 m
3
/m) whereas in 
the right photo, there is little sediment overlying the bedrock which results in low yield rates (1-5 
m
3





5.7.2 Debris-Flow Magnitude and Rainfall 
Debris flows were triggered by rainstorms with rainfall amounts and intensities that did 
not exceed two-year recurrence intervals.  In the area burned by the Grand Prix fire, the 
measured yield rates reflect a single debris-flow event that occurred on December 25, 2003. In 
the area burned by the Station Fire, two debris flow events were recorded (1/18/2010 and 
2/6/2010).  The magnitude of each event scaled with the magnitude of each storm, with more 
material deposited in debris-retention basins during the 2/6/2010 storm (two-year recurrence 
interval) with higher rainfall totals and intensities than during the 1/18/2010 storm (one-year 
recurrence interval).  The volumes of material deposited in debris-retention basins coincided 
with the measured yield rates; yield rates measured following the smaller of the two debris-flow 
events on 1/18/2010 were lower than the yield rates measured following the larger debris-flow 
event on 2/6/2010.   
5.7.3 Data Analysis 
The yield rate data were analyzed for correlations to measures that describe terrain, burn 
severity, rainfall, and soil characteristics and to develop a predictive model for yield rates.  The 
results of the Anderson-Darling test for normality are shown in Table 5.1.  Natural log 
transformations were applied to the following variables; yield rate, yield rate normalized by 
burned contributing drainage basin area, drainage basin area, length of the longest upstream 
channel, drainage basin area burned at low severity, drainage basin area burned at moderate 
severity, drainage basin area burned at high severity, drainage basin area burned at moderate and 
high severity, and drainage basin area burned at all severities.  A square root transformation was 
applied to the average slope of the contributing drainage basin area.  Very high Anderson-





USSOILS database and logarithmic or square root transformations were ineffective at making 
these variables normally distributed.  Other variables were normally distributed without 
transformation. 
Table 5.1. Summary statistics, Anderson-Darling statistic and correlation coefficients for each of 
the variables analyzed by this study.  Only significant correlation coefficients (p-value ≥ 0.1) are 
shown. 
Variable N Mean 
Standard 
Deviation 








Coefficient - ln(Yield 
Rate/Burned Area) 




355 -12.09 1.81 -17.59 -12.04 -6.37 1.22 
  
ln(Basin Area – m2) 385 11.94 1.73 6.44 12.06 14.57 2.80 0.34 -0.59 
ln(Length - m) 385 6.62 0.82 3.77 6.62 8.03 1.51 0.34 -0.59 
Channel Slope - % 385 31.76 18.29 2.53 26.41 113.87 8.53 
 
0.58 
sqrt(Ave. Slope - %) 387 18.51 5.50 5.42 18.14 31.21 1.97 0.48 -0.46 
Upslope Relief - m 387 59.01 11.43 15.92 57.37 106.7 6.21 0.47 0.25 
Curvature 387 -4.46 3.27 -16.40 -4.10 3.00 4.25 -0.12 -0.10 
Storm Duration (hrs) 386 2.76 6.31 0.90 1.14 30.08 119.76 0.29 0.29 
Storm Total - mm 386 117.40 26.88 16.80 123.48 139.6 43.45 0.23 -0.41 
Average Storm Intensity 
- mm/hr 
386 4.60 0.71 2.73 4.67 5.67 20.57 0.04 -0.24 
Peak 10-minute intensity 
– mm/hr 
386 42.14 8.06 22.80 44.15 56.40 11.40 -0.26 -0.31 
Peak 15-minute intensity 
– mm/hr 
386 32.12 5.71 19.20 32.41 52.00 31.51 
  
Peak 30-minute intensity 
– mm/hr 
386 23.77 4.34 10.00 24.40 36.40 52.26 0.10 
 
Peak 60-minute intensity 
– mm/hr 
386 20.66 3.51 7.40 21.81 23.42 36.44 
 
-0.30 
ln(Basin Area Burned at 
Low Severity – km2) 
386 -2.94 1.78 -8.52 -3.15 0.02 3.08 
 
-0.82 
ln(Basin Area Burned at 
Moderate Severity – km2) 
381 -2.93 1.85 -9.21 -2.78 -0.32 5.11 
 
-0.57 
ln(Basin Area Burned at 
High Severity – km2) 
322 -4.21 2.45 -9.21 -4.77 -0.51 10.88 0.50 -0.32 
ln(Basin Area Burned at 
Mod. and High Severities 
– km2) 
381 -2.68 1.99 -9.21 -2.62 0.28 4.71 0.47 -0.54 
ln(Total Basin Area 
Burned – km2) 
387 -1.89 1.75 -7.82 -1.75 0.70 3.16 0.33 -0.72 
Available water Content 
(%) 
387 0.06 0.01 0.06 0.06 0.09 83.51 0.51 0.39 
Clay Content (% soil < 
2mm) 
387 14.12 2.68 7.80 14.70 18.20 73.15 -0.36 
 
Organic Matter (% by 
weight ) 
387 0.47 0.11 0.20 0.50 0.60 80.29 -0.42 
 
Permeability (in/hr) 387 3.69 1.98 1.63 3.09 9.47 85.57 0.46 
 
Liquid Limit (% 
moisture by weight) 








Pearson product-moment correlation coefficients were calculated to identify correlations 
between each normally distributed variable and the two dependent variables; “yield rate” and 
“normalized yield rate.”  Significant correlations were identified for results with a minimum p-
value of 0.1 (Table 5.1).  The variable with the best correlation to the yield rate is the natural log 
of the contributing drainage basin area burned at high severity.  The variable with the best 
correlation to the normalized yield rate is channel slope.   
Many variables that include some element of basin area (e.g. area burned at moderate 
severity) were negatively correlated to the natural log of the yield rate normalized by burned 
drainage basin area.  These negative correlations can be attributed to the correlations between the 
variables and the burned drainage basin area, which is the denominator for the normalized yield 
rate.  The peak 10- and 60-minute rainfall intensities were negatively correlated to yield rates and 
do not reflect observations that rainfall intensity is positively correlated to debris-flow initiation 
(Kean et al., 2011) and debris-flow volumes (Cannon et al., 2010; Gartner et al., 2009).  For this 
reason, the rainfall variables that were negatively correlated to the yield rate (peak 10- and 60-
minute rainfall intensities) and normalized yield rate were not included in the regression 
analyses. 
Several models were developed that met the statistical criteria for this study.  The only 
models presented are those that met statistical requirements, describe realistic relationships 
between independent and dependent variables, and could be validated.   The best regression 
model developed from the complete database predicts the normalized yield rate as a function of 
channel slope: 





where YBA is the normalized yield rate (dimensionless) and S is the channel slope (%).  The 
model has an adjusted R
2
 = 33.4%, Press = 779.9, S = 1.48, and n = 353.  Thirty-four of the data 
have missing values due to undefined natural log calculations because of negative yield rates 
associated with debris-flow deposition.  A plot illustrating the relationship between channel 

























channel slope vs. ln(normalized yield rate) 
 
Figure 5.6.  A plot showing the relationship between normalized yield rate and channel slope 
with the regression line shown.  
In addition to the analyses of the entire database of normalized yield rates, subsets of the 
data were individually analyzed to evaluate the influence of rainfall characteristics on yield rate.  
The data collected from the 2009 Station fire consists of repeat measurements of yield rates 
produced by two different storms; a storm on 1/18/2009 with a one-year recurrence interval and 
a storm on 2/6/2009 with a two-year recurrence interval.  A statistically significant multiple 
regression model for yield rate that included a variable describing rainfall characteristics was not 





model specific to storms with a one year-recurrence interval predicts normalized yield rates as a 
function of channel slope based on the following equation; 
                               (5.2) 
where YBA_1yr represents the normalized yield rate for a storm with a one-year recurrence 
interval.  This model has an adjusted R
2 
= 75.8%, PRESS = 15.7, and S = 0.96.  This relationship 
is described in Figure 5.7.   
 
Figure 5.7.  A plot showing the regressions for normalized yield rates for storms with one- and 
two-year recurrence intervals and channel slope.  The top regression line and equation represent 
the relationship between normalized yield rate and channel slope for the two-year recurrence 
storms and the bottom regression line and equation represent the relationship for the one-year 
storm.    
A model specific to storms with a two-year recurrence interval predicts normalized yield 
rates as a function of channel slope based on the following equation; 
YBA_2yr = - 12.9 + 0.08 × S 
R² = 58.2 % 
YBA_1yr = -13.6 + 0.08 × S 


































                               (5.3) 
where YBA_2yr represents the normalized yield rate for a storm with a two-year recurrence 
interval.  This model has an adjusted R
2 
= 58.2%, PRESS = 35.8, and S = 1.44.  This relationship 
is shown in Figure 5.7.   
The yield rate models (Equations 5.1, 5.2, and 5.3) were validated with the database of 45 
measured post-fire (2009 Station Fire) volumes of debris-flow material deposited in 21 debris-
retention basins located at drainage-basin outlets.  The models were applied to every 10-m 





 and channel slopes between 3 and 114 % and aggregated to calculate total volumes of 
eroded material.  The ranges for the burned contributing area and slope reflect the ranges of the 
data used to generate the models.   Comparison between predictions for total volumes of eroded 
debris-flow material from drainage basins and measured volumes of deposited material in debris-
retention basins indicated that the normalized yield rate model (Equation 5.1) best predicted total 
volumes of eroded material (Figure 5.8).  Ninety-six percent of the measured volumes of 
deposited debris-flow material were within the 95% prediction interval of the normalized yield 
rate model (Equation 5.1) and 93% of the predictions were within an order of magnitude of the 
measured volumes (Figure 5.8).  A power law regression of the predicted and measured volumes 
has a slope = 1.02, intercept = -0.44, and an R
2
 = 0.63 (Figure 5.8).  In addition, this model 
reasonably predicted yield rates for specific locations within the drainage basin.  Most of the 
predicted yield rates were less than 4 m
3
/m with some that spike to about 20 m
3
/m, and these 






Figure 5.8.  Volumes of material eroded from drainage basins were predicted using the 
normalized yield rate model (Equation 5.1) and were compared to measured volumes of debris-
flow material deposited in drainage-basin outlets.  The dashed line is a 1:1 line that represents 
perfectly predicted volumes of material eroded from drainage basins.  The solid black line and 
equation represent a regression of the predicted and measured debris-flow volumes.  The 
vertical error bars on the points represent the 95% prediction interval of the model.  
A detailed look at the erroneous predictions identified two volumes that were under-
predicted by more than an order of magnitude.  Both of these volumes were produced from the 
two smallest drainage basins (contributing drainage basin area = 0.03 km
2
).  One of these 
predictions for the debris-flow volume deposited in Quail East debris-retention basin was just 
outside of the order-of-magnitude envelope (406 m
3
 measured vs. 28 m
3
 predicted) yet within the 
prediction interval of the model.  The other measured volume that was under-predicted by more 
than an order of magnitude was not within the model’s prediction interval.  A third volume 
y = 0.65x1.02 
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deposited by a small drainage basin (0.05 km
2
) was under-predicted by just under an order of 
magnitude.  These under-predictions for debris-flow volumes produced by small drainage basins 
indicate that the normalized yield rate model best predicts total volumes of eroded material for 
drainage basins larger than 0.05 km
2
.  
Three over-predicted debris-flow volumes were made for small rainstorms.  In all three 
cases, more accurate volume predictions were made for later storms that produced more 
destructive debris flows.  One measured volume from the Gould Canyon debris-retention basin 
was over-predicted by more than an order of magnitude.  This prediction was for a measured 
volume of material that was deposited by a rainstorm with a recurrence interval of less than one 
year.  The same rainstorm deposited material in the Mullaly Canyon debris-retention basin that 
was also over-predicted by the model.  Visits to these drainage basins shortly after this event 
identified that little material was eroded from the main channels within the drainage basins.  
These events posed little hazard and were characterized as a “muck flows” consisting of 
predominantly ash and smaller-than-cobble sized sediment.  Later storms that had higher rainfall 
totals and intensities produced larger, more destructive debris-flow volumes that were more 
accurately predicted by the model.  A similar over-prediction was made for a small debris-flow 
volume deposited by a short-recurrence interval storm in the Pickens debris-retention basin.  A 
later debris-flow volume deposited in this debris-retention basin was much more accurately 
predicted by the model.   
The storm-specific models (Equations 5.2 and 5.3) did not perform as well as the 
normalized yield rate model when predicting total volumes of eroded debris-flow material.  
Sixty-nine percent of the measured volumes of debris-flow material were within prediction 





the predicted volumes (Figure 5.9).  Power law regressions for the measured and predicted 
volumes indicated a slope = 1.02, intercept = -0.45 and R
2
 = 0.63 for the one-year storm specific 
model and a slope = 1.52, intercept = -3.21, and R
2
 = 0.81 for the two-year storm specific model 
(Figure 5.9). 
 
Figure 5.9.  Volumes of material eroded from drainage basins were predicted using the storm-
specific models and compared to measured volumes of debris-flow material deposited in 
drainage-basin outlets.  The dashed line is a 1:1 line that represents perfectly predicted volumes 
of material eroded from drainage basins.  The upper and lower lines and equations represent the 
regression for the measured volumes and volumes predicted by the one-year and two-year storm 
specific models. The vertical error bars on the points represent the 95% prediction interval of 
the model. 
Other statistically significant multiple regression models for yield rate developed by this 
study substantially over-predicted yield rates and total volumes of material eroded from drainage 
y = 0.64x1.02 
R² = 0.63 
y = 0.04x1.52 
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basins.  A model specific to predicting drainage-basin scale debris-flow volumes (Cannon et al., 
2010) was also evaluated and found to make slightly less accurate predictions that the 
normalized yield rate model: 88% of the volumes were predicted to within an order of magnitude 
and 80% were predicted to within the 95% prediction interval (Figure 5.8).  Most of the 




Complex interactions between terrain, distributions of burn severity in the contributing 
drainage basin area, rainfall amount and intensity, and soil characteristics influence yield rates in 
recently burned drainage basins.  In this study, variables describing these characteristics were 
statistically correlated to measured yield rates, and field observations provided additional 
information for how debris-flow magnitude, presence of bedrock steps, and sediment supply 
influence yield rates.   A regression model was developed for predicting yield rates for specific 
locations within a drainage basin.  This model provides an unprecedented tool for identifying 
source material for debris flows, for characterizing how debris-flow magnitudes evolve along the 
length of a burned drainage basin, and for making drainage-basin scale estimates for total 
volumes of material eroded from drainage basins based on fine-scale measurements.   
Yield rates were best predicted by the normalized yield rate model (Equation 5.1), which 
predicts yield rate as a function of channel slope and burned contributing drainage basin area.  
This model provides new information for characterizing how debris-flow volumes evolve along 
the length of the channel and for identifying locations within a burned area with the highest yield 
rates following a fire.  Figure 5.10 shows an example of the model (Equation 5.1) applied to 
Gould Canyon, which was monitored by this study following the 2009 Station fire.  Many of the 
predicted yield rates are less than 3 m
3






Figure 5.10.  Yield rates were predicted for Gould Canyon which was burned by the 2009 
Station Fire in southern California.  The yield rate is predicted based on a regression equation 
between the natural log of the yield rate normalized by burned drainage basin area and the 
channel slope.  Predicted yield rates are mostly low (0.01 – 1 m
3
/m), however some locations, 
such as those near cross sections G4 and G5, spike to severe (>10 m
3
/m) levels.  These locations 







/m.  In Gould Canyon, the highest yield rate was measured at cross section G4 which is in 
the vicinity of the highest yield rate predicted by the normalized yield rate model (Figure 5.10). 
The normalized yield rate model may also be used to predict total volumes of eroded 
debris-flow material from recently burned drainage basins and has been shown to be more 
accurate than the Cannon et al. (2010) model for making drainage-basin scale predictions for 
post-fire debris-flow volume (Figure 5.8).  The least accurate predictions of total volume of 
debris-flow material were associated with very small drainage basin and rainstorms, and hazards 
posed by these conditions are relatively minor in comparison to storms that have a recurrence 
interval of one year or longer year and impact drainage basins larger than 0.05 km
2
. The 
regression of measured and predicted volumes has an intercept of -0.44 (Figure 5.8) and 
indicates that the yield rate model slightly under-predicts total volumes of eroded material.  This 
tendency to under-predict total volumes of eroded material may be due to the model not 
including the entire contribution of hillslope material; yield rates were only predicted for 
channels with a minimum 400 m
2
 burned contributing area.  Previous studies have identified that 
about 80% of post-fire volumes of sediment can be attributed to material eroded from channels 
and about 20% can be attributed to eroded hillslope material (e.g. Santi et al., 2008; Moody and 
Martin, 2009).  The regression equation for measured and predicted volumes indicates that the 
predicted volumes are between 70 – 80% of the measured volumes between 100 – 100,000 m
3
.  
The model presented here is applicable to channels and not to hillslopes.  Figure 5.10 
appears to include some portion of the hillsopes; however, this is due to the 10-m resolution of 
the DEM used to implement the model.  The resolution of the DEM is unable to distinguish 
distinct small channels that meet the minimum burned contributing area for implementing the 





model using a 1-m resolution DEM more clearly displays distinct channels that are based on the 
same 400 m
2
 burned contributing area (Figure 5.11).  However, using 1-m resolution DEM to 
implement the normalized yield rate model is not recommended because the model is based on 
data calculated using 10-m resolution DEMs.  The 1-m resolution DEMs were not used in this 
study because they were only available for 33 of the 355 yield rates measured in this study.  
Furthermore, 10-m resolution DEMs are widely available and require less processing times than 
1-m resolution DEMs enabling rapid assessments,  
A future research direction is to analyze yield rates using terrain characteristics calculated 
from finer resolution data.  Finer resolution DEMs will provide more accurate characterization of 
the channelized drainage network and hillslopes.  More accurate predictive models for yield rates 
may be possible if they are based on finer resolution data.  The development of predictive tools 
for hillslope erosion may also be possible using finer resolution data.  More precise estimates for 
total volumes of material eroded from drainage basins may be possible by applying more precise 
models for hillslope and channel erosion to more accurately defined channelized drainage 
networks and hillslopes using 1-m resolution DEMs.   
An advantage of the normalized yield rate model is that predictions are calculated from 
10-m resolution measurements of channel slope rather than drainage-basin scale averages for 
predictor variables.  The finer scale measurements result in better control and sensitivity to local 
topography.  A disadvantage of the model is that the prediction interval exceeds some previously 
developed models for estimating drainage-basin scale debris-flow volumes (e.g. Cannon et al., 
2010).  Despite broad prediction intervals, the normalized yield rate model still produced good 
drainage-basin scale volume predictions.  






Figure 5.11.  Implementing the model using a 1-m resolution DEM more clearly displays the 
channels for applying the normalized yield rate model.  Although the normalized yield rate 
model should only be applied using 10-m resolution data, this figure demonstrates that the 
minimum contributing area of 400 m
2





intervals of up to two years.  This reflects the data used to develop the normalized yield rate 
model, and model predictions for rainstorms with longer recurrence intervals may be inaccurate.  
Despite this limitation, many post-fire debris flows are triggered by smaller storms (e.g. less than 
two-year recurrence intervals).  For example, debris flows that caused 16 fatalities in the area 
burned by the 2003 Old fire and damaged many homes near the area burned by the 2009 Station 
fire were all triggered by storms with recurrence intervals of less than two years (U.S. Army 
Corps of Engineers, 2005, Santi et al., 2011).  A rainstorm with a one-year recurrence (Arkell 
and Richards, 1986) often exceeds rainfall intensity-duration thresholds defined for post-fire 
debris flows (Cannon et al., 2008).  Due to the frequency and destructive ability of debris-flows 
triggered by short-recurrence interval storms, a model that is specific to these conditions is 
applicable to the most likely post-fire debris-flow scenario.   
A future research direction is to measure post-fire yield rates for a wider range of storms 
to develop more broadly applicable models for predicting yield rates.  In this study, the yield 
rates measured in the area burned by the Station fire could be attributed to two rainstorms that 
had one-year and two-year recurrence intervals.  The models developed for each storm (Equation 
5.2 and 5.3) were very similar with both having a slope = 0.09; however, the two-year storm 
specific model had a y-intercept (-12.9) that was higher than the one-year specific model (-13.6).  
The difference in y-intercepts is likely due to the influence of the higher rainfall intensities and 
totals associated with the two-year recurrence interval storm.   
Field observations made in conjunction with the model predictions are recommended to 
provide additional information that may influence the yield rate.  Many variables were 
statistically correlated to yield rates; however, these variables could not be successfully 





below to provide guidance for validating yield rates predicted by the normalized yield rate 
model.  The normalized yield rate model accounts for variability in channel slope and burned 
contributing drainage basin area, and any adjustments to yield rate predictions that are made 
should be based on expected rainfall conditions and observed sediment supply.  
Terrain characteristics that were significantly correlated to yield rates all represent 
realistic influences on yield rates.  Yield rates were positively correlated to drainage basin area, 
channel length, and average slope of the contributing drainage basin area, and negatively 
correlated with curvature.  The influence of drainage basin area and channel length on yield rate 
is consistent with existing models for predicting debris-flow magnitudes that describe increased 
volumes for larger drainage basin areas (Cannon et al., 2010; Gartner et al., 2008) and 
observations of debris flows that progressively bulk up with material as they travel downslope 
(Cannon et al., 2003; Santi et al., 2008)).  Increasing shear stress is expected for steeper slopes 
and deeper flow depths that are driven by flow convergence characterized by negative curvature 
values.  Increasing shear stress is also caused by higher average channel slopes in the 
contributing drainage basin area.     
Correlations between variables describing the distribution of burn severity in the 
contributing drainage basin area and yield rates also represent realistic influences.  The positive 
correlations to yield rate for basin area burned at high severity, basin area burned at moderate 
and high severity, and basin area burned at all severities are consistent with many studies that 
attribute post-fire erosion to be enhanced by high burn severity through the generation of water 
repellant soils (DeBano, 1981; Doerr et al., 2000), removal of the organic material (Cannon and 
Gartner, 2005; Meyer, 2002; Moody and Martin, 2001), and surface sealing by ash (Woods and 





and high severity have also been shown to increase debris-flow probability and magnitude 
(Cannon et al., 2010).  Changes to the hydrology of a contributing drainage basin area caused by 
high severity fire will likely increase yield rates.   
The majority of correlations identified between yield rates and variables describing 
rainfall conditions were consistent with expected influences of rainfall on yield rates.  Storm 
duration, storm total, average storm intensity and the peak intensity measured over a 30-minute 
period were all positively correlated to yield rates.  Debris-flow monitoring studies have found 
that the timing of debris-flow surges coincide with threshold-exceeding rainfall intensities (Kean 
et al., 2011; Cannon et al., 2008) and that debris-flow volumes increase with total storm rainfall 
(Cannon et al., 2010; Gartner et al., 2008).  These studies support the positive correlations to 
yield rate for variables describing storm rainfall conditions identified by this study.   
Realistic correlations between soil engineering characteristics and yield rates were 
identified for variables describing available water content and percent organic matter.   The 
positive correlation between available water content and yield rate is consistent with debris-flow 
flume studies that have found increased debris-flow mobility for debris flows that travel over wet 
bed surfaces (Iverson et al., 2011).  A negative correlation between yield rate and percent organic 
matter may reflect decreased runoff due to the increase in storage capacity of water for thick ash 
deposits that are a result of high concentrations of combusted organic matter (Ebel et al., 2012; 
Woods and Balfour, 2010).  Percent clay content was expected to increase yield rates due to the 
presence of fine material that limits infiltration and leads to overland flow, and permeability was 
expected to be negatively correlated to yield rate due the decrease in overland flow expected in 
highly permeable soils.  However, the inconsistent results of the correlations between yield rates 





database that may not accurately characterize soils at 10-m resolutions.  In addition, non-normal 
distributions were shown by high Anderson-Darling statistics (Table 5.1) further compromise 
correlation analysis results.  More spatially concise measurements for engineering soil 
characteristics are needed to better correlate soil characteristics to yield rates. 
Field observations confirmed that sediment supply influences yield rates.  Bedrock lined 
channels limited erosion due to the lack of material, and abundant channel fills provided ample 
material for erosion (Figures 5.3 and 5.5).  These observations are consistent with previous 
studies that identified sediment supply as a fundamental predictor of debris-flow activity (Bovis 
and Jakob, 1999).  “Firehose effects” (Johnson and Rodine, 1984) were observed for the largest 
measured yield rates in this study.  Very high yield rates were measured for channels with 
abundant sediment supply that are located just downstream of a bedrock step (Figures 5.3 and 
5.5).  Due to the importance of sediment supply on the yield rate, a field verification of yield 
rates predicted by the normalized yield rate model should focus on quantifying sediment supply 
along channels to ensure that sufficient sediment supply exists for the predicted yield-rate 
magnitude.  
To date, post-fire hazard assessments have focused on predicting probabilities and 
magnitudes of debris flows along drainage networks.  This research provides a new model for 
predicting yield rates within recently burned drainage basins for identifying source material for 
post-fire debris flows and characterizing how post-fire debris-flow magnitudes evolve along the 
length of a channel.  Field verification of the models should be done to ensure that sufficient 
sediment supply exists for debris-flow entrainment, and higher yield rates can be expected for 
more intense storms, for larger and more severely burned contributing drainage basin areas, and 





post-fire hazard assessment tools that predict the probability and magnitude of post-fire debris 
flows to better assess post-fire debris-flow hazards.  
5.7 Conclusions 
Yield rates measured in recently burned drainage basins were highly variable along the 
lengths of the channels surveyed.  The measurement and analyses of yield rates and variables 
expected to influence yield rates identified new significant correlations between yield rates and 
measures that describe terrain, burn severity, rainfall, and soil characteristics.  A model for 
predicting yield rate was presented that is a function of the burned contributing drainage basin 
area and channel slope.  The model can be used to predict yield rates within a recently burned 
area and total volumes of eroded debris-flow material from drainage basins, to identify locations 
of source material for debris flows within recently burned areas, and to characterize the evolution 






CHAPTER 6 CONCLUSION 
This dissertation presents new analytical tools for assessing post-fire debris-flow 
magnitudes, locations of post-fire debris-flow erosion, and magnitudes of yield rates throughout 
burned areas.  Two multiple regression models are presented for making emergency and long-
term assessments of debris-flow magnitudes.  A method for implementing these models along 
drainage networks provides new capabilities for making continuous assessments along debris-
flow channels.  A logistic regression model is presented for predicting the probability of post-fire 
erosion throughout a recently burned area which is calibrated to identify the portion of the 
drainage network dominated by debris-flow erosion.  Implementing the debris-flow magnitude 
models along the portion of the drainage network dominated by erosion enables consistent and 
rapid assessments by eliminating the need to manually define drainage-basin outlets.  A model 
for predicting magnitudes of yield rate throughout a recently burned area provides new 
capabilities for identifying locations of source material for debris-flows and for making drainage-
basin scale estimates of total eroded volumes of debris-flow material that are based on fine-scale, 
10-m resolution measurements of slope.  The analyses of debris-flow magnitude, locations of 
erosion and deposition, and magnitude of yield rates identify specific measures of terrain, burn 
severity, rainfall, and soils on debris-flow magnitude identify specific measures that physically 
influence how debris-flows evolve along the length of a channel.   
Debris-flow magnitudes could best be predicted using measures of contributing drainage 
basin area, drainage basin relief, contributing drainage basins burned at moderate and high 
severity, contributing area burned at combinations of all severities, time since most recent fire, 
and peak rainfall intensity measured over 15- and 60-minute durations.  These variables 





the hydrology of a drainage basin caused by fire, and high intensity rainfall that leads to overland 
flow.  Locations of debris-flow erosion could best be predicted as a function of channel slope, 
planform curvature, and channel length.  The shear stress at the base of a debris-flow 
characterizes the ability of a debris flow to entrain material and is influenced by channel slope 
and planform curvature which characterize how flow depths can increase due to flow 
convergence.  Channel length characterizes how the likelihood of debris-flow erosion decreases 
at the distal end of a debris-flow channel.  Channel slope was also found to influence the 
magnitude of post-fire normalized yield rates.  Normalizing yield rates by burned contributing 
drainage basin area enabled a dimensionless analysis of the influence of slope on yield rates 
throughout a burned area and the development of a predictive model.   
This dissertation provides an array of empirical models and implementation methods that 
offer new capabilities for predicting debris-flow magnitudes along drainage networks and the 
location of magnitude of post-fire erosion throughout recently burned areas.  New empirical 
models implemented along the portion of a drainage network dominated by erosion more 
specifically identify the greatest hazards posed by post-fire debris flows to be along the main 
channels within a burned drainage basin.  A time-dependent model for debris-flow magnitude 
characterizes how post-fire debris-flow hazards diminish over time.  The methods for 
implementing these assessments along the portion of the drainage basin dominated by erosion 
minimize possible error by eliminating manually defined drainage-basin outlets.  Empirical 
models for predicting the probability of post-fire erosion and magnitude of yield rates provide 
more specific information for identifying locations of source material for debris flows within a 
recently burned area and better characterize how debris-flow magnitudes evolve along the length 





providing more specific information for the magnitude of erosion expected for different locations 
within burned drainage basins. 
Future work should continue to collect data for post-fire debris-flow volumes deposited at 
drainage-basin outlets by an individual storm, make repeat measurements of yield rates that 
represent a broader spectrum of possible storm scenarios, and to continue evaluating, developing 
and calibrating models for assessing post-fire debris-flow hazards.  The models presented were 
developed using data from southern California and are most applicable to this region, however, 
future work may evaluate how successful these models can assess post-fire hazards in other 
regions.  The research presented here provides previously unavailable tools for implementing 
empirical models for debris-flow volumes along drainage networks and for predicting yield rates 
for specific locations within a recently burned area.  These tools were developed from 
comprehensive databases of measured debris-flow volumes, yield rates, and characteristics 
describing terrain, burn severity, rainfall, and soils.  The acquisition and analysis of new data 
will improve upon these models and provide for more specific estimates of post-fire debris-flow 
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